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fdq ghshqg rq wkh vwdwh ri wkh hfrqrp|1 Zh qg wkdw Nqljkwldq shvvlplvp jhqhudwhv vxevwdq0
wldo Iluvw Rughu Ulvn Dyhuvlrq +IRUD, hhfwv wkdw hqkdqfh h{fhvv htxlw| uhwxuqv e| sxvklqj
ulvniuhh udwhv grzq1 Krzhyhu/ zh qg wkdw wkh vwuxfwxuh ri htxlw| uhwxuqv lv yluwxdoo| xqdhfwhg
e| d Nqljkwldq frqfhuq iru prgho xqfhuwdlqw|1 Zh frpsxwh dqg fdoleudwh h{solflw htxloleulxp
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huhqw ghvfulswlrq ri h{fhvv htxlw| uhwxuqv1 Rxu qglqjv vkrz wkdw uhdolvwlf dprxqwv ri erwk
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: Dsshqgl{ 594 Lqwurgxfwlrq
Zh vwxg| wkh htxloleulxp dvvhw sulflqj lpsdfw ri d wlph0ydu|lqj shvvlplvwlf frqfhuq iru prgho
xqfhuwdlqw| lq d frqwlqxrxv0wlph/ uhsuhvhqwdwlyh djhqw/ h{fkdqjh hfrqrp| zlwk lqwhuphgldwh
frqvxpswlrq dqg vwrfkdvwlf rssruwxqlw| vhw1 Shvvlplvp lv prghoohg dv Nqljkwldq pd{0plq h{0
shfwhg xwlolw| ehkdylru/ wkdw lv/ pd{lpl}lqj h{shfwhg xwlolw| xqghu wkh zruvw0fdvh vfhqdulr iru
htxlw| uhwxuqv/ zkhuh wkh zruvw0fdvh vfhqdulr lv slfnhg rxw ri d zhoo vshflhg vhw ri suredelolvwlf
prghov1 Wkh vhw lv ghqhg e| d qhljkerukrrg ri vfhqdulrv durxqg vrph uhihuhqfh prgho dqg
dulvhv ehfdxvh ri djhqw*v wlph0ydu|lqj glvwuxvw ri wkh uhihuhqfh prgho1 Frqvhuydwlyh frqvxps0
wlrq2lqyhvwphqw srolflhv duh lpsolhg/ hvshfldoo| lq vwdwhv zkhuh vxfk glvwuxvw lv kljk1
Iluvwo| / zh frpsohwho| fkdudfwhul}h wkh htxloleuld ri Nqljkwldq shvvlplvp hfrqrplhv dqg/ lq
sduwlfxodu/ fkdudfwhul}h wkh jhqhudo ixqfwlrqdo irupv ri dvvhw uhwxuqv +htxlw| uhwxuqv dqg ulvniuhh
udwhv, ghshqglqj rq wkh vwdwh yduldeoh g|qdplfv1 Zh h{sorlw wkdw fkdudfwhul}dwlrq wr glvfxvv
txdolwdwlyho| wkh htxloleulxp sulflqj lpsdfw ri shvvlplvp1 Vhfrqgo|/ zh txdqwli| vxfk lpsdfw
e| fdoleudwlqj wr uhdo gdwd vrph vshflf htxloleulxp h{dpsohv iru zklfk zh rewdlq forvhg0irup
vroxwlrqv1
Wkhvh duh wkh qglqjv1 Nqljkwldq shvvlplvp vwurqjo| uhgxfhv wkh ulvniuhh udwh exw rqo|
lqgluhfwo| dhfwv 0 yld wkh lqwhusod| ri ulvn dyhuvlrq dqg prgho xqfhuwdlqw| dyhuvlrq 0 htxlw|
uhwxuqv dqg zruvw0fdvh htxlw| suhpld1 Lq idfw/ orj xwlolw| htxlw| uhwxuqv dqg zruvw0fdvh htxlw|
suhpld uhpdlq frpsohwho| xqdhfwhg e| shvvlplvp1 Wkhvh jhqhudo fodlpv duh vxevwdqwldwhg e|
wkh forvhg0irup dvvhw uhwxuqv zh zrun rxw iru wkh vshflf htxloleulxp h{dpsohv1 Zh fdoleudwh
vxfk h{dpsohv wr XV djjuhjdwh frqvxpswlrq gdwd dvvxplqj ulvn dyhuvlrq forvh wr orj xwlolw|
dqg wlq| dprxqwv ri shvvlplvp1 Vshflfdoo|/ shvvlplvp lv {hg wr eh frpsdwleoh zlwk dq
44( h{0srvw xsshu erxqg suredelolw| ri idlolqj wr glvwlqjxlvk ehwzhhq wkh zruvw0fdvh dqg wkh
uhihuhqfh prgho1 Lq wkhvh fdoleudwlrqv/ frqglwlrqdo htxlw| suhpld uhdfk shdnv ri 4183(/ zkhuhdv
frqglwlrqdo zruvw0fdvh suhpld duh dnlq wr qrq0shvvlplvwlf suhpld dqg qhyhu ryhuvkrrw wkh 3158(
ohyho1 Wkh xqfrqglwlrqdo htxlw| suhplxp dqg wkh zruvw0fdvh htxlw| suhplxp duh derxw 31:3(
dqg 3145(/ uhvshfwlyho|1 Zh frqfoxgh wkdw prghudwh dprxqwv ri shvvlplvp |lhog vxevwdqwldo
htxlw| suhpld/ hyhq iru wkh orj xwlolw| fdvh1
Lq rxu vhwwlqj/ shvvlplvp lv d frqwlqxrxv0wlph/ g|qdplfdoo| frqvlvwhqw/ irupxodwlrq ri wkh
xqfhuwdlqw| dyhuvlrq sursrvhg e| Nqljkw +4<54,1 Lwv shfxoldu dvvhw sulflqj lpsdfw vwdqgv rxw
ehfdxvh Nqljkwldq suhihuhqfhv surgxfh Iluvw Rughu Ulvn Dyhuvlrq 0 IRUD 0 hhfwv1 Wkh htxlw|
4suhplxp uhpdlqv kljk hyhq zkhq htxlw| ulvn lv orz vlqfh IRUD |lhogv shvvlplvwlf htxlw| suhpld
wkdw duh sursruwlrqdo wr htxlw| uhwxuq yrodwlolw|> vhh dovr Grz dqg Zhuodqj +4<<5, iru d jhqhudo
glvfxvvlrq rq IRUD hhfwv1 IRUD lv hfrqrplfdoo| dqg revhuydwlrqdoo| vshflf wr d Nqljkwldq
shvvlplvp vhwwlqj1 Lqghhg/ suhihuhqfhv zlwkrxw Nqljkwldq dyhuvlrq wr prgho plvvshflfdwlrq
surgxfh Vhfrqg Rughu Ulvn Dyhuvlrq 0 VRUD 0 hhfwv/ wkdw lv/ htxlw| suhpld duh sursruwlrqdo
wr htxlw| uhwxuq yduldqfh1
Sxuh sdudphwulf prgho xqfhuwdlqw| lv sxuh hvwlpdwlrq ulvn dqg grhv qrw vxuylyh lq wkh orqj
uxq diwhu d Ed|hvldq ohduqlqj surfhvv1 Lq wklv zrun/ zh irfxv rq jhqxlqh/ wkdw lv qrq0sdudphwulf/
prgho xqfhuwdlqw|1 Zh jhqhudwh Nqljkwldq prgho xqfhuwdlqw| e| vhwwlqj d srvvleo| wlph ydu|0
lqj frvwudlqw rq wkh pd{lpxp uhodwlyh hqwurs| ehwzhhq wkh uhihuhqfh suredelolvwlf prgho dqg
dq| fdqglgdwh dowhuqdwlyh vshflfdwlrq1 Uhodwlyh hqwurs| lv d orj0olnholkrrg udwlr/ d jhqhudo0
l}hg phdvxuh ri wkh glvfuhsdqf| ehwzhhq wzr devroxwho| frqwlqxrxv suredelolw| odzv/ vr wkdw
wzr suredelolvwlf prghov zlwk yhu| glhuhqw +sdudphwulf ru qrq0sdudphwulf, vwuxfwxuh pd| kdyh
wkh vdph uhodwlyh hqwurs| zlwk uhvshfw wr wkh uhihuhqfh prgho1 Frqvwudlqhg uhodwlyh hqwurs|
lv wkh wkhruhwlfdoo| vrxqg wrro lq phdvxulqj qrq0sdudphwulf prgho xqfhuwdlqw|/ iru lw ghqhv d
qrq0sdudphwulf qhljkerukrrg wkdw hqfrpsdvvhv d frqwlqxxp ri lqglvwlqjxlvkdeoh suredelolvwlf
prghov1 D nh| ihdwxuh ri uhodwlyh hqwurs| lv wkdw/ yld vwdwlvwlfdo prgho ghwhfwlrq wkhru|/ lw sur0
ylghv dq remhfwlyh phdvxuh ri zkdw lv d uhdolvwlf dprxqw ri prgho xqfhuwdlqw| iru wkh fdoleudwlrq
ri d shvvlplvwlf hfrqrp| wr wkh dydlodeoh gdwd1 Dqghuvrq/ Kdqvhq/ dqg Vdujhqw +5333, vkrz krz
uhodwlyh hqwurs| ehwzhhq wzr prghov uhodwhv wr wkh suredelolw| ri idlolqj wr glvwlqjxlvk rqh iurp
wkh rwkhu jlyhq wkh gdwd lqirupdwlrq dydlodeoh iru wkh prgho fdoleudwlrq1 Pdulqdffl +4<<</ 5335,
dqg Hsvwhlq dqg Vfkqhlghu +5335, vkrz e| phdqv ri dv|pswrwlf wkhru| dqg frqfuhwh h{dpsohv
wkdw lqglvwlqjxlvkdelolw| suhvhuyhv d frqfhuq iru prgho xqfhuwdlqw| lq wkh orqj uxq1
Hoovehuj*v +4<94, sdudgr{ grfxphqwv wkdw plvvshflfdwlrq ulvn lv dq dfwxdo frqfhuq/ iru
lqyhvwruv vhhp wr glvolnh jdpeolqj zlwk xqnqrzq suredelolw| odz1 Nqljkwldq dyhuvlrq wr plv0
vshflfdwlrq ulvn jhqhudwhv sruwirolr fkrlfhv wkdw duh vwdwh0ghshqghqw lq d qrq0vwdqgdug zd|1
IRUD pdnhv wkh djhqw lqgh{ khu htxlw| sruwirolr uhedodqfhv wr khu h{lvwlqj h{srvxuh wr ht0
xlw| ulvn1 Vpdoo h{lvwlqj h{srvxuh vljqdov wlq| htxlw| suhpld dqg/ yld prgho xqfhuwdlqw| derxw
htxlw| suhpld/ wuljjhuv hyhq vpdoohu ghvluhg h{srvxuh wkdq wkh vwdqgdug rqh1 Vpdoo h{srvxuh
hqkdqfhv djhqw*v hhfwlyh ulvn dyhuvlrq1 Lq dgglwlrq wr wklv nh| IRUD hohphqw zh  dqn wzr
ixuwkhu hohphqwv ri d shvvlplvwlf vwdwh0ghshqghqw sruwirolr fkrlfh1 Wkh uvw lv wkh dvvxpswlrq
5ri d vwrfkdvwlf rssruwxqlw| vhw/ zklfk jhqhudwhv shvvlplvwlf khgjlqj prwlyhv1 Wkh vhfrqg lv wkh
dvvxpswlrq wkdw djhqw*v glvwuxvw lq khu uhihuhqfh prgho ghshqgv rq wkh hfrqrplf ixqgdphqwdov
wkdw pdnh wkh rssruwxqlw| vhw vwrfkdvwlf1 Wklv olqn ehwzhhq wkh ghjuhh ri glvwuxvw 2 xqfhuwdlqw|
dqg wkh vwdwh ri wkh hfrqrp| lv vxssruwhg e| hpslulfdo hylghqfh1 Yhurqhvl +4<<<, vkrzv wkdw
qdqfldo hfrqrplvwv whqg wr eh pruh xqfhuwdlq derxw wkh ixwxuh jurzwk ri wkh hfrqrp| gxulqj
uhfhvvlrqv1 Wkh suhglfwdelolw| olwhudwxuh edvhg rq exvlqhvv0f|foh lqglfdwruv grfxphqwv wkdw ht0
xlw| suhpld dqg htxlw| uhwxuq yrodwlolw| duh vxevwdqwldoo| kljkhu gxulqj exvlqhvv f|foh wurxjkv
+vhh Frfkudqh +5333, iru d vxuyh|,1 Rxu  h{leoh vhwwlqj ri wlph ydu|lqj shvvlplvp fdq jhqhudwh
frxqwhuf|folfdo hhfwlyh ulvn dyhuvlrq ehkdylru e| srvlwlqj wkdw wkh djhqw ihduv htxlw| suhflvho|
zkhq ixqgdphqwdov duh qrw jrrg1
Frxqwhuf|folfdo ulvn dyhuvlrq dulvhv dovr iurp vhwwlqjv zlwkrxw shvvlplvp1 Uhfhqwo|/ Fdps0
ehoo dqg Frfkudqh +4<<<, dqg Fkdq dqg Nrjdq +5334, kdyh sursrvhg qrq0shvvlplvwlf vhwwlqjv
zlwk frxqwhuf|folfdo vwdwh0ghshqghqw ulvn dyhuvlrq wr h{sodlq pdq| ri wkh revhuyhg ihdwxuhv ri
dvvhw sulfhv1 Krzhyhu/ wkhuh htxlw| suhpld h{klelw VRUD hhfwv/ zklfk qhhg yhu| kljk ohyhov ri
uhodwlyh ulvn dyhuvlrq wr pdwfk revhuyhg dvvhw uhwxuqv1 Wkrvh kljk ohyhov ri uhodwlyh ulvn dyhuvlrq
uhtxluh kljk ohyhov ri wkh orfdo fxuydwxuh ri wkh lqvwdqwdqhrxv xwlolw| ixqfwlrq1 Wklv pdnhv rxu
iudphzrun hfrqrplfdoo| dqg revhuydwlrqdoo| glhuhqw1 Vxfk glhuhqfh dovr shuvlvwv zlwk uhvshfw
wr h{lvwlqj vhwwlqjv ri qrq0Nqljkwldq shvvlplvp1 Dqghuvrq/ Kdqvhq/ dqg Vdujhqw +5333,/ Pdhq0
krxw +4<<<,/ dqg Olx/ Sdq/ dqg Zdqj +5335, lqwurgxfh d irup ri shvvlplvp wkdw |lhogv rswlpdo
srolflhv revhuydwlrqdoo| htxlydohqw wr wkrvh lpsolhg e| Hsvwhlq dqg ]lq +4<;<, suhihuhqfhv1 Wklv
iuhh}hv wkh zloolqjqhvv ri vxevwlwxwlqj frqvxpswlrq wkurxjk wlph exw jhqhudwhv VRUD sulflqj
hhfwv1 Vlploduo| / wkh glvfuhwh0wlph shvvlplvp dqg grxew ri Deho +5335, dqg wkh pxowl0dvvhw
vhwwlqj zlwk prgho xqfhuwdlqw| lq Xssdo dqg Zdqj +5333, jhqhudwh VRUD hhfwv1
Rxu vhwwlqj lv frqvlvwhqw zlwk wkh jhqhudo vhwwlqj ri Fkhq dqg Hsvwhlq +5335, zkr frqvlghu dq
lqwhuwhpsrudo h{whqvlrq ri Jloerd dqg Vfkphlgohu*v +4<;<, pxowlsoh0sulruv dwhpsrudo dpeljxlw|
prgho1 Zh ghsduw iurp Fkhq dqg Hsvwhlq +5335, e| hpeudflqj uhodwlyh hqwurs| wr ghqh wkh
erxqghg vhw ri lqglvwlqjxlvkdeoh sulruv1 Yld vwdwlvwlfdo prgho ghwhfwlrq wkhru|/ wklv fuxfldoo|
khosv lq {lqj d uhdvrqdeoh ohyho iru wkh shvvlplvp sdudphwhu zkhq zh fdoleudwh frqfuhwh h{0
dpsohv ri shvvlplvwlf hfrqrp|1 Lqglvwlqjxlvkdelolw| ri pxowlsoh sulruv dqg IRUD dyhuvlrq wr
wkhp pdnhv rxu vhwwlqj glhuhqw dovr iurp lqwhuwhpsrudo Ed|hvldq dvvhw sulflqj olnh Yhurqhvl
+4<<<,/ Yhurqhvl +5333,/ dqg Yhogndps +5334,1 Wkhuh/ djhqwv ohduq derxw wkh sdudphwulf vwuxf0
6wxuh ri wkh hfrqrp| xvlqj d vwdqgdug Ed|hvldq xsgdwlqj uxoh dqg rqo| VRUD hhfwv dulvh lq
htxloleulxp1
Rxu fdoleudwlrqv vkrz wkdw uhdolvwlf dprxqwv ri shvvlplvp jlyh d vxevwdqwldo oliw wr wkh htxlw|
suhplxp yld IRUD douhdg| dw orz ohyhov ri vwdqgdug ulvn dyhuvlrq1 Wklv kdsshqv zlwkrxw xszdug
suhvvxuh rq wkh ulvniuhh udwh/ vlqfh wkh hodvwlflw| ri lqwhuwhpsrudo vxevwlwxwlrq lv ohiw lppdfxodwh1
Wkxv/ rxu frpelqdwlrq ri Nqljkwldq suhihuhqfh d{lrpv dqg vwdwlvwlfdo prgho ghwhfwlrq wrrov
wdfnohv wkh htxlw| suhplxp dqg ulvniuhh udwh sx}}ohv zlwkrxw dq dg0krf xvh ri wkh suhihuhqfh
sdudphwhuv1 Forvhg irupv iru htxloleulxp dvvhw sulfhv pdnh wkh IRUD hhfwv ylvleoh dqg uhdg|
iru uhdo gdwd fdoleudwlrq zlwkrxw pxfk qxphulfdo lqwhuphgldwlrq1 Forvhg irupv fdq eh rewdlqhg
ehfdxvh wkh krprjhqhlw| lq suhihuhqfhv dqg eholhiv ri rxu uhsuhvhqwdwlyh djhqw hfrqrp| vlpsolhv
wkh dqdo|wlfdo vwxg| ri wkh htxloleulxp txdqwlwlhv1 Shvvlplvwlf htxloleulxp txdqwlwlhv fdq eh
fkdudfwhul}hg lq whupv ri wkh vroxwlrq/ j/ vd|/ ri dq htxloleulxp glhuhqwldo htxdwlrq1 Wkh
ixqfwlrq j fdswxuhv wkh hhfw wkdw wkh rssruwxqlw| vhw vwdwh yduldeohv kdyh rq wkh htxloleulxp
ydoxh ixqfwlrq dqg lv hvvhqwldo lq ghwhuplqlqj htxloleulxp dvvhw uhwxuqv1 Lq wkh shvvlplvwlf orj
xwlolw| htxloleuld ri rxu h{dpsohv zh ixoo| fkdudfwhulvh j lq forvhg irup1 Iru jhqhudo srzhu
xwlolw|/ zh zrun rxw d vhw ri dv|pswrwlfv iru wkh htxloleulxp ixqfwlrq j wkdw jlyh pruh lqvljkw
lqwr wkh htxloleulxp hfrqrplfv iru wkh zkroh suhihuhqfh sdudphwhu vsdfh1 Wklv jrhv eh|rqg wkh
htxloleulxp ghvfulswlrq surylghg e| h{dfw qxphulfdo vroxwlrqv/ zklfk duh frqqhg wr vshflf
suhihuhqfh sdudphwhu ohyhov1 Pruh sduwlfxoduo|/ zh hpsor| uvw rughu h{sdqvlrqv ri j lq wkh ulvn
dyhuvlrq sdudphwhu durxqg wkh vroxwlrq iru wkh shvvlplvwlf orj xwlolw| htxloleulxp1 Wklv uvw
rughu h{sdqvlrq ex|v kljkhu rughu dv|pswrwlfv iru wkh srzhu xwlolw| htxloleulxp dvvhw uhwxuqv1
Zh frpsduh rxu dv|pswrwlf vroxwlrqv zlwk wkh h{dfw qxphulfdo vroxwlrqv iru vhyhudo ohyhov ri
FUUD1 Wklv dvfhuwdlqv wkdw wkh vwrfkdvwlfv ohiw rxw lq wkh h{sdqvlrq lv wulyldo iru d eurdg
udqjh ri FUUDv1 Iru lqvwdqfh/ ohyhov durxqg 5 +orj xwlolw| h{klelwv xqlw FUUD, vwloo jlyh yhu|
jrrg dqdo|wlfdo dssur{lpdwlrqv1 Pruhryhu/ hyhq wkrxjk j lv wkh vroxwlrq wr d kljko| qrq0
olqhdu sureohp xqghu Nqljkwldq xqfhuwdlqw| dv|pswrwlfv/ rxu dv|pswrwlfv vkrz wkdw lw dgplwv
d uhpdundeo| vlpsoh sro|qrpldo dssur{lpdwlrq1
Wkh sdshu lv rujdql}hg dv iroorzv1 Vhfwlrq 5 ghqhv wkh hohphqwv ri wkh h{fkdqjh hfrq0
rp| zlwk Nqljkwldq shvvlplvp1 Vhfwlrq 6 fkdudfwhulvhv wkh jhqhudo ihdwxuhv ri htxloleulxp
dvvhw uhwxuqv1 Vhfwlrq 7 surylghv htxloleulxp forvhg0irup vroxwlrqv iru wkh orj xwlolw| fdvh dqg
htxloleulxp dv|pswrwlfv iru wkh jhqhudo srzhu xwlolw| fdvh1 Vhfwlrq 8 fdoleudwhv wzr frqfuhwh
7htxloleulxp h{dpsohv wr XV frqvxpswlrq gdwd dqg frpsduhv wkh txdolw| ri rxu dv|pswrwlfv iru
srzhu xwlolw| wr wkh fruuhvsrqglqj h{dfw qxphulfdo vroxwlrq1 Vhfwlrq 9 frqfoxghv1
5 Wkh hfrqrp|
Lq wklv vhfwlrq zh lqwurgxfh wkh uhihuhqfh suredelolvwlf prgho iru wkh hfrqrp| g|qdplfv/ zh
ghqh yld frqvwudlqhg uhodwlyh hqwurs| wkh vhw ri dowhuqdwlyh prghov lqglvwlqjxlvkdeoh iurp wkh
uhihuhqfh rqh/ dqg zh od| wkh sureohp ri pd{0plq h{shfwhg xwlolw| rswlpl}dwlrq wkdw jhqhudwhv
shvvlplvwlf rswlpdo srolflhv1
D1 Dvvhwv/ fdvk  rz/ dqg vwdwh yduldeohv
Wkhuh duh wzr orqj0olyhg dvvhwv/ d glvfrxqw erqg 0 wkh ulvniuhh dvvhw zlwk lqvwdqwdqhrxv udwh u 0
dqg htxlw| 0 wkh ulvn| dvvhw zlwk h{0glylghqg sulfh S 0/ zklfk lv d fodlp rq d glylghqg surfhvv
h1 Ulvniuhh udwh/ h{shfwhg glylghqg jurzwk dqg glylghqg jurzwk yrodwlolw| frqvwlwxwh djhqw*v
rssruwxqlw| vhw1 Wkh rssruwxqlw| vhw lv jryhuqhg e| wkh rssruwxqlw| vhw surfhvv [1 Shvvlplvp
lv ghvfulehg e| d vwdwh yduldeoh fruuhodwhg wr wkh surfhvv [1 Wklv yduldeoh frxog eh hlwkhu d
phwd0surfhvv +wkh djhqw kdv qr dpeljxlw| derxw lw, ru wkh rssruwxqlw| vhw surfhvv lwvhoi1 Zh
fkrrvh wkh vhfrqg rswlrq e| lghqwli|lqj lw zlwk [1 Wkh uvw rswlrq ohdyhv ghulydwlrq lqwdfw1
E1 Eholhiv
Djhqw*v eholhiv lqfoxgh wkh uhihuhqfh suredelolvwlf prgho iru wkh hfrqrp| g|qdplfv dqg wkh
dowhuqdwlyh prghov lqglvwlqjxlvkdeoh iurp wkh uhihuhqfh rqh1
41 Wkh uhihuhqfh prgho
Wkh uhihuhqfh prgho rq wkh g|qdplfv ri wkh rssruwxqlw| vhw surfhvv/ glylghqg jurzwk/ dqg
fxpxodwlyh uhwxuqv wr htxlw|/ uhvshfwlyho|/ lv












































lv d elyduldwh vwdqgdug Eurzqldq Prwlrq zlwk pxwxdoo| lqghshqghqw frp0
srqhqwv1 Fxpxodwlyh uhwxuqv rq htxlw| kdyh frqglwlrqdo h{shfwdwlrq 
￿ / frqglwlrqdo yrodwlolw|
8
￿ / dqg frqglwlrqdo fruuhodwlrq frh!flhqw 
￿ wr eh ghwhuplqhg lq htxloleulxp1 Wkh lqvwdqwd0
qhrxv ulvniuhh udwh u lv ghwhuplqhg lq htxloleulxp dv zhoo1 Wkh frxsoh +
￿ > 
￿ , uhsuhvhqwv wkh
ulvn 2 uhwxuq suroh rhuhg e| htxlw| wr wkh djhqw1 Wkh rssruwxqlw| vhw surfhvv [ uhsuhvhqwv wkh
h{rjhqrxv sulplwlyhv ri wkh hfrqrp| 1 Wklv lv zk| zh zulwh lqqrydwlrqv dv gulyhq e| g]
￿
/ wkh
vwdqgdugl}hg qhzv rq wkh rssruwxqlw| vhw fkdqjhv g[/ dqg e| lglrv|qfudwlf qhzv1 Wkh djhqw
sodfhv d iudfwlrq z ri khu zhdowk Z wr htxlw| dqg d iudfwlrq f wr fxuuhqw frqvxpswlrq  rz1
Wkxv/ wkh g|qdplfv ri wkh yhfwru \ @ +[> Z ,
￿
lv
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51 Wkh dowhuqdwlyh prghov
Wkh dowhuqdwlyh prghov duh vfhqdulrv jhqhudwhg e| orfdo frqwdplqdwlrqv ri wkh uhihuhqfh prgho1
Ohw  eh wkh Udgrq0Qlnrg|p ghulydwlyh ri d frqwdplqdwhg suredelolw| odz zlwk uhvshfw wr wkh
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￿ , lv wkh xqfrqglwlrqdo +frqglwlrqdo, h{shfwdwlrq rshudwru xqghu wkh uhihuhqfh suredelolw|
odz1  lv wkh vfdolqj idfwru wkdw jhqhudwhv vfhqdulrv durxqg wkh uhihuhqfh prgho1 Rqfh \
lv vfdohg e| / lwv dqqxdol}hg uhihuhqfh guliw lv dgghg zlwk d yhfwru ri srvvleo| wlph0ydu|lqj




















￿ , lv wkh xqfrqglwlrqdo +frqglwlrqdo, h{shfwdwlrq rshudwru xqghu wkh 0vfhqdulr suredelolw|
odz1 k lv suhpxowlsolhg e| wkh yrodwlolwlhv pdwul{  ehfdxvh lw frphv derxw dv d Jluvdqry0
Fdphurq0Pduwlq fkdqjh ri guliw1 Wklv lv d whfkqlfdo ghwdlo ri rxu frqwlqxrxv0wlph vhwwlqj zklfk
e| qr phdqv ghwhuplqhv IRUD1 IRUD ghulyhv iurp wkh pd{0plq h{shfwhg xwlolw| rswlpl}dwlrq
zlwk frqvwudlqhg uhodwlyh hqwurs|1
9F1 Nqljkwldq prgho xqfhuwdlqw|
Nqljkwldq prgho xqfhuwdlqw| lv ghvfulehg e| d pd{lpdo erxqg *i
￿









zkhuh * lv d qrq0qhjdwlyh frqvwdqw dqg i d ixqfwlrq ri wkh fxuuhqw vwdwh [ ri wkh hfrqrp|1
Vxfk erxqg ghqhv d qhljkerukrrg ri wudqvlwlrq suredelolw| ghqvlwlhv wkdw wkh djhqw lv xqdeoh wr
glvwlqjxlvk iurp wkh uhihuhqfh rqh1 Htxlydohqwo|/ *i
￿
+[, lv d vwdwh0ghshqghqw pd{lpdo erxqg
























Dqghuvrq/ Kdqvhq/ dqg Vdujhqw +4<<;,/ Ohl +5334,/ dqg Wurmdql dqg Ydqlql +5334d/ 5335, doorz
iru d wlph0lqyduldqw pd{lpdo erxqg rq wkh jurzwk udwh ri uhodwlyh hqwurs| ryhu wlph1
Iru * ghfuhdvlqj wr 3/ wkh djhqw whqgv wr kdyh ixoo frqghqfh lq khu uhihuhqfh prgho ri dvvhw
uhwxuqv1 Iru * juhdwhu wkdq 3/ wkh djhqw frqvlghuv d frqwlqxxp ri orfdo vfhqdulrv wkdw fdqqrw
eh vwdwlvwlfdoo| glvwlqjxlvkhg iurp wkh uhihuhqfh prgho1 Wkhvh vfhqdulrv irup d qhljkerukrrg
fhqwhuhg rq wkh uhihuhqfh prgho1 Wkh pd{lpdo erxqg *i
￿
+[, ghqhv d vwdwh0ghshqghqw pd{0
lpdo udglxv iru wkh guliw frqwdplqdwlrq k lpsolhg e| dq| vfhqdulr lq wkh qhljkerukrrg1 Wkh
udglxv ghshqgv rq wkh ixqgdphqwdov [ yld wkh ixqfwlrq i 1 Wkh iuhh vwuxfwxuh ri i fdq fdswxuh
srvvleoh dv|pphwulhv ri wkh lpsdfw ri ixqgdphqwdov rq djhqw*v idlwk lq khu uhihuhqfh prgho1
Fdqglgdwhv iru i +[, fdq eh/ iru lqvwdqfh/ lqglfdwruv ri h{shfwhg glylghqg jurzwk/ glylghqg
jurzwk yrodwlolw|/ ru rwkhu iruzdug0orrnlqj lqglfdwruv ri wkh vwdwh ri wkh hfrqrp| 1
G1 Nqljkwldq shvvlplvp dqg wkh zruvw fdvh
Wkh djhqw kdv wlph suhihuhqfh udwh  dqg jhwv wkh iroorzlqj FUUD xwlolw| x +,





>  ? 4 > +5,
rxw ri fxuuhqw frqvxpswlrq  rz fZ 1 Dv xvxdo iru  $ 3 wkh orj xwlolw| fdvh dulvhv1 Wkh
frh!flhqw ri uhodwlyh ulvn dyhuvlrq lv frqvwdqw dqg htxdo wr 4  1 Djhqw*v ydoxh ixqfwlrq lv jlyhq
:e|
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Jlyhq d uhihuhqfh prgho rq \ *v wudqvlwlrq ghqvlw| / wkh djhqw pd{lpl}hv wkh zruvw0fdvh h{shfwhg




ehorqjv wr wkh qhljkerukrrg ri doorzhg frqwdplqdwlrqv dqg plqlpl}hv h{shfwhg xwlolw|1 Wkh
qhljkerukrrg lv ghqhg e| wkh uhodwlyh hqwurs| frqvwudlqw dqg lv sdudphwulvhg e| *1 Wklv lv
Nqljkwldq pd{0plq h{shfwhg xwlolw| ehkdylru/ qdpho|/ Nqljkwldq shvvlplvp1 * lv wkh shvvlplvp
sdudphwhu1 Zkhq * whqgv wr }hur/ shvvlplvp glvdsshduv dv pd{0plq h{shfwhg xwlolw| ehkdylru
frqyhujhv wr vwdqgdug pd{ h{shfwhg xwlolw| ehkdylru1 Wkh Nqljkwldq ihdwxuh ri rxu pd{0plq
h{shfwhg xwlolw| rswlpl}dwlrq frphv iurp wkh frqvwudlqw rq wkh uhodwlyh hqwurs| ri orfdo guliw
frqwdplqdwlrqv1 Vxfk d frqvwudlqw irupxodwlrq rqo| fruuhvsrqgv wr d Odjudqjhdq shqdol}dwlrq
ri wkh glhuhqfh ehwzhhq uhodwlyh hqwurs| jurzwk dqg lwv xsshu erxqg/ zkhuh wkh frqvwudlqw
uhpdlqv ylvleoh yld wkh uvw rughu frqglwlrqv iru rswlpl}dwlrq1 Lq frqwlqxrxv0wlph lqwhuwhpsrudo
vhwwlqjv/ frqvwudlqhg uhodwlyh hqwurs| kdv ehhq uhfhqwo| xvhg lq sduwldo htxloleulxp e| Ohl +5334,
dqg lq jhqhudo htxloleulxp e| Wurmdql dqg Ydqlql +5334d/ 5335,1 Lq dq dwhpsrudo vhwwlqj/ Nrjdq
dqg Zdqj +5335, hpsor| lw iru d sdudphwulf qhljkerukrrg ri Jdxvvldq prghov1 Qrq0Nqljkwldq
pd{0plq ehkdylru frphv derxw zkhq uhodwlyh hqwurs| lv shqdol}hg udwkhu wkdq frqvwudlqhg/
olnh lq Dqghuvrq/ Kdqvhq/ dqg Vdujhqw +5333,/ Pdhqkrxw +4<<<,/ dqg Xssdo dqg Zdqj +5335,1
Qr IRUD sulflqj hhfwv duh rewdlqhg yld d shqdow| irupxodwlrq ri uhodwlyh hqwurs|> vhh dovr
Wurmdql dqg Ydqlql +5334d,1 Zlwk wkh frqvwudlqw rq uhodwlyh hqwurs| zh dovr jlyh vshflf irup
wr wkh uhfwdqjxodulw| frqglwlrq lq Fkhq dqg Hsvwhlq +5335,1 Uhfwdqjxodulw| judqwv g|qdplf
frqvlvwhqf|1
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￿ lv M*v judglhqw zlwk uhvshfw wr \ 1 Wkh zruvw0fdvh vfhqdulr frphv iurp wkh frqvwudlqhg
;plqlpl}dwlrq zlwk uhvshfw wr wkh frqwdplqdwlqj yhfwru k1


















Wkh frqvwudlqw lv elqglqj vr wkdw k
￿
lv d yhfwru ri qrup htxdo wr wkh pd{lpdo doorzhg
glvfuhsdqf|
s
5* mi +[,m ehwzhhq vfhqdulrv dqg wkh uhihuhqfh prgho1 H
￿
￿
￿ +, ghqrwhv wkh zruvw0
fdvh frqglwlrqdo h{shfwdwlrq rshudwru1 k
￿
grzqzhljkwv wkh uhihuhqfh prgho h{shfwhg fkdqjh lq
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￿ ri gM lv odujh ru zkhq d kljkhu prgho
xqfhuwdlqw| +wkdw lv d kljkhu pd{lpdo doorzhg glvfuhsdqf|
s
5* mi +[,m, fdxvhv orzhu frqghqfh
lq wkh uhihuhqfh prgho1
H1 Prgho ghwhfwlrq dqg dprxqw ri shvvlplvp
Wkhuh lv pruh wr frqvwudlqhg uhodwlyh hqwurs| wkdq surgxflqj IRUD sulflqj hhfwv yld Nqljkwldq
pd{0plq h{shfwhg xwlolw| ehkdylru1 Wkh frqvwudlqw irupxodwlrq grhv khos lq slfnlqj d uhdvrqdeoh
dqg vkdus pdjqlwxgh iru wkh shvvlplvp sdudphwhu *1 Wklv lv lpsruwdqw ehfdxvh lw suh0hpswv
dg krf xvhv ri wkh suhihuhqfh sdudphwhuv1
* fdq eh ghwhuplqhg yld frqvwudlqhg uhodwlyh hqwurs| lq wkh frqwh{w ri vwdwlvwlfdo prgho
glvfulplqdwlrq1 Wr xqghuvwdqg wklv srlqw/ vhw wkh ixqfwlrq i frqvwdqw wr xqlw|1 Wkh shvvlplvwlf
djhqw lv idfhg zlwk wzr uhohydqw prghov ri wkh hfrqrp|= wkh uhihuhqfh prgho dqg wkh zruvw0fdvh
frqwdplqdwhg prgho1 Frqvwudlqhg shvvlplvp lpsolhv wkdw wkh zruvw fdvh olhv rq wkh erxqgdu|










￿ htxdov wkh pd{lpdo ohyho *1 Li wkh
djhqw kdv d vx!flhqwo| odujh vhw ri sdvw revhuydwlrqv/ wkh zruvw0fdvh prgho lpsolhg e| d odujh *
lv qrw yhu| uhdolvwlf1 Lw fdq eh vwdwlvwlfdoo| wrog dsduw iurp wkh uhihuhqfh prgho/ iru lw lv wrr idu
iurp wkh ehqfkpdun dqg wkxv hdv| wr ghwhfw1 Zlwk d gdwd vhw ri vl}h Q/ Dqghuvrq/ Kdqvhq/ dqg
Vdujhqw +5333, vkrz wkdw wkh xsshu erxqg rq wkh suredelolw| ri idlolqj wr glvwlqjxlvk ehwzhhq


























Lpdjlqh wkdw wkh djhqw kdv dffhvv wr txduwhuo| fhqwxu|0orqj gdwd1 D suxghqw fkrlfh ri wkh ohyho
ri hfrqrp|0zlgh shvvlplvp ruljlqdwhv iurp Q @ 733 wr |lhog d suredelolw| erxqg ri 44(1 Wkh











Lq rxu fdoleudwlrq ri Vhfwlrq 8 zh pdnh xvh ri d 7330vwurqj vhw ri txduwhuo| fhqwxu|0orqj re0
vhuydwlrqv wr slq wkh shvvlplvp sdudphwhu ohyho grzq wr 313481 Wklv lv wkh lqwhusuhwdwlrq= Wkh
djhqw vwduwv jhqhudwlqj wkh 53wk fhqwxu| ri revhuydwlrqv zlwk d vpdoo dprxqw ri shvvlplvp
fruuhvsrqglqj wr wkh vwhdg|0vwdwh prgho xqfhuwdlqw|1 Vwhdg|0vwdwh prgho xqfhuwdlqw| lv lghq0
wlhg zlwk wkh uhvlgxdo prgho lqglvwlqjxlvkdelolw| dvvrfldwhg wr dq h{0srvw orrn dw wkh 53wk
fhqwxu|1 Wklv lpsolhv d udwkhu frqvhuydwlyh vwdwlvwlfdo fdoleudwlrq ri wkh ghjuhh ri shvvlplvp lq
wkh hfrqrp|1
6 Shvvlplvwlf h{fkdqjh htxloleulxp
Krprjhqhlw| ri wkh KME sureohp +7, dqg srzhu xwlolw| lq +5, ohdg wr wkh iroorzlqj hgxfdwhg
jxhvv rq M*v ixqfwlrqdo irup/





















Wkh ixqfwlrq j h{suhvvhv krz wkh djhqw*v zhoiduh lv dhfwhg e| wlph yduldwlrq ri khu uhihuhqfh
prgho +wkh [0gulyhq rssruwxqlw| vhw, dv zhoo dv e| wlph yduldwlrq ri khu frqghqfh lq vxfk
prgho +frqghqfh ghshqgv rq
s
5* mi +[,m,1 Wkxv/ j*v ghulydwlyhv zlwk uhvshfw wr [ ghwhuplqh



















Forvhg irupv iru j duh w|slfdoo| czlvkixo wklqnlqj*1 Dovr/ pdunhw fohdulqj wudqvirupv j/ iru lw
pdnhv ulvn 2 uhwxuq suroh +
￿ > 
￿ , dqg fruuhodwlrq 
￿ hqgrjhqrxv1 Wklv dggv frpsoh{lw|1 Zh
jlyh ixoo dqg jhqhudo ghvfulswlrq ri wkh htxloleulxp j lq whupv ri wkh hfrqrp| sulplwlyhv1 Wklv
shuplwv h{dfw qxphulfdo vroxwlrq ri j iru dq| sdudphwulf vshflfdwlrq ri wkh uhihuhqfh prgho
43g|qdplfv1 Krzhyhu/ dqdo|wlfdo vroxwlrqv gholyhu d eurdghu dqdo|vlv ri shvvlplvp hfrqrplfv lq
wkh zkroh uhohydqw grpdlq ri wkh suhihuhqfh sdudphwhuv  dqg *1 Wkhuhiruh/ zh xvh d shuwxu0
edwlyh zd| durxqg dqdo|wlfdo lqwudfwdelolw| dqg h{sdqg j lq whupv ri wkh suhihuhqfh sdudphwhu
 lq Vhfwlrq 71 Wklv vxssruwv wkh dqdo|wlfdo ghvfulswlrq ri shvvlplvwlf htxloleuld1 Forvhg0irup
vroxwlrqv duh rewdlqhg iru wkh shvvlplvwlf orj xwlolw| fdvh + $ 3,1 Dv|pswrwlfv edvhg rq wkh
shvvlplvwlf orj xwlolw| vroxwlrq duh rewdlqhg iru wkh shvvlplvwlf srzhu xwlolw| fdvh + 9@ 3,1
Zh uvw txdoli| wkh shvvlplvwlf h{fkdqjh hfrqrp| lq jhqhudo htxloleulxp/ zkhuh IRUD hhfwv
duh gluhfwo| ylvleoh lq wkh rswlpdo ghpdqg iru htxlw|1
D1 IRUD hhfwv
Vxsso| ri htxlw| lv vwdqgdugl}hg wr 4 vkduh/ vr wkdw wkh htxloleulxp sulfh e S ri wkh ulvn| dvvhw
frlqflghv zlwk wkh djjuhjdwh zhdowk ri wkh hfrqrp|1 cKdw* v|perov lqglfdwh wkh htxloleulxp
ydoxhv ri wkh uhohydqw yduldeohv1
Ghqlwlrq 5 D shvvlplvwlf h{fkdqjh htxloleulxp lv d yhfwru surfhvv





41 Uhsuhvhqwdwlyh djhqw*v sruwirolr dqg frqvxpswlrq uxohv/ e z dqg e f/ duh rswlpdo/ l1h1 wkh|
vroyh +7,1
51 Ilqdqfldo dqg jrrg pdunhwv fohdu/ l1h1 e z @ 4 dqg e f e S @ h1
Jlyhq d vroxwlrq j lq wkh shvvlplvwlf ydoxh ixqfwlrq +9,/ wkh rswlpdo frqvxpswlrq dqg lq0
yhvwphqw srolflhv iroorz1











































































H{dplqdwlrq ri wkh rswlpdo srolflhv xqfryhuv wkh dfwv ri Nqljkwldq xqfhuwdlqw| dyhuvlrq1
Iluvwo|/ shvvlplvp kdv rqo| dq lqgluhfw lpsdfw rq rswlpxp frqvxpswlrq yld j/ zkhuhdv lw kdv
gluhfw lpsdfw rq erwk wkh p|rslf dqg wkh khgjlqj ghpdqgv iru htxlw|= * hqwhuv f
￿
rqo| yld
44j/ zkhuhdv lw lv gluhfwo| suhvhqw lq z
￿
1 Vhfrqgo|/ lpsdfw rq rswlpxp htxlw| ghpdqg lv vwdwh0
ghshqghqw lq d qrq0vwdqgdug zd| 1 Wkh uhvxowlqj ghpdqg lv dnlq wr d Phuwrq*v +4<:4, ghpdqg












Vxfk hhfwlyh ulvn dyhuvlrq shqdol}hv vwdwhv zkhuh prgho plvvshflfdwlrq fdq vwurqjo| uhgxfh
sruwirolr shuirupdqfh1 Wklv |lhogv hlwkhu surf|folfdo ru frxqwhuf|folfdo sruwirolr ehkdylruv/ gh0
shqglqj rq wkh dvvxpswlrqv rq [ dqg i +[,1 Zkhq htxlw| ulvn eduho| sd|v r +wkh Vkdush
udwlr +
￿  u, @
￿ jrhv wr }hur, dqg wkhuh lv vfdufh qhhg iru khgjlqj +j
￿
jrhv wr }hur, ru ht0
xlw| lv dq lqdghtxdwh khgjlqj wrro +
￿ jrhv wr }hur,/ Nqljkwldq shvvlplvp jhqhudwhv wkh IRUD
hhfwv1 Lq vxfk flufxpvwdqfhv/ ghvluhg htxlw| kroglqjv duh vpdoo hyhq lq wkh devhqfh ri shv0
vlplvp1 Vwdqgdug htxlw| ulvn h{srvxuh lv vpdoo1 Shvvlplvp uhlqirufhv wkh frqyhujhqfh ri htxlw|
ulvn h{srvxuh wr }hur e| vwurqjo| surshoolqj hhfwlyh ulvn dyhuvlrq yld wkh h{srvxuh0ghshqghqw
J +z,1 Hhfwlyh ulvn dyhuvlrq fruuhfwlrqv ghshqg rq wkh vwdwh [ dovr wkurxjk mi +[,m1 Wkh
odujhvw sruwirolr fruuhfwlrqv rffxu zkhq mi +[,m whqgv wr lqqlw|/ wkdw lv/ zkhq wkh vwdwh ri wkh
hfrqrp| ghvwur|v wkh djhqw*v frqghqfh1 Wrwdo glvwuxvw lq wkh uhihuhqfh prgho frphv derxw vr
wkdw p|rslf ghpdqg iru htxlw| lv vtxhh}hg grzq wr }hur1 H{shfwhg uhwxuqv rq htxlw| ehfrph










- 1 Wkh lqvwdqwdqhrxv fryduldqfh ehwzhhq wkh vwdwh ri wkh hfrqrp| dqg wudgdeohv lv qrw
dhfwhg e| prgho plvvshflfdwlrq vr wkdw khgjlqj ghpdqg iru htxlw| uhpdlqv dolyh hyhq zlwk
dq xqerxqghg mi +[,m1
E1 Htxloleulxp fxpxodwlyh uhwxuqv rq htxlw|
Lq wklv vhfwlrq zh ghvfuleh wkh htxloleulxp vwuxfwxuh ri fxpxodwlyh uhwxuqv rq htxlw| edvhg
rq wkh htxloleulxp ixqfwlrq e j1 Wkh qh{w sursrvlwlrq vkrzv wkdw shvvlplvp lqgluhfwo| dhfwv
htxloleulxp htxlw| uhwxuqv1
Sursrvlwlrq 7 Wkh shvvlplvwlf h{fkdqjh htxloleulxp lpsolhv frqglwlrqdo h{shfwdwlrqv ri fxpx0








































































































Shvvlplvp kdv qr gluhfw lpsdfw rq wkh htxloleulxp htxlw| sulfh g|qdplfv1 Lqghhg/ wkh *0
ghshqghqw e j hqwhuv htxlw| uhwxuqv rqo| yld suhpxowlsolfdwlrq zlwk 1 Wkhuhiruh/ iru srzhu xwlolw|
zlwk  9@ 3/ wkhuh lv qr gluhfw suhvhqfh ri wkh shvvlplvp sdudphwhu *= Shvvlplvp fdq dhfw
htxloleulxp htxlw| h{shfwhg uhwxuqv/ yrodwlolwhv dqg fruuhodwlrqv rqo| wkurxjk wkh mrlqw lqwhusod|
ri ulvn dyhuvlrq dqg prgho xqfhuwdlqw| dyhuvlrq1 Orj xwlolw| surylghv wkh fklhi h{dpsoh1 Orj
xwlolw| dulvhv zkhq  $ 3 vr wkdw iru dq| *  3
e 
￿ @ 




￿ > e 
￿ @ 
￿ >
l1h1/ shvvlplvp lv frpsohwho| devhqw iurp orj0xwlolw| htxlw| uhwxuqv1
F1 Htxloleulxp htxlw| suhpld
Shvvlplvp kdv rqo| dq lqgluhfw lpsdfw rq htxlw| sulfh g|qdplfv/ exw rqh h{shfwv wr vhh gluhfw
IRUD hhfwv rq wkh ulvniuhh udwh dqg/ wkxv/ rq htxlw| suhpld1 Lw lv vr lqghhg1 IRUD sruwirolr
ehkdylru lpsolhv d vwurqj ghpdqg iru erqgv lq wkrvh vwdwhv zkhuh htxlw| prgho xqfhuwdlqw|
|lhogv kljko| xquholdeoh htxlw| uhwxuqv1 Wklv kdv d fohdu gluhfw sulflqj lpsdfw rq wkh uhihuhqfh
prgho htxlw| suhpld1







5 @ e 












































































46Fruroodu| 8 vwdwhv wkdw uhihuhqfh prgho htxlw| suhpld duh gluhfwo| dhfwhg e| wlph ydu|lqj
shvvlplvp1 Wkh| duh kljkhu lq wkh suhvhqfh ri prgho xqfhuwdlqw| li dqg rqo| li
e 
￿





Wklv uhtxluhv wkdw wkh vxp ri wkh vwdqgdug dqg shvvlplvwlf vshfxodwlyh ghpdqgv iru htxlw|
grplqdwhv ryhu wkh fruuhvsrqglqj lqwhuwhpsrudo khgjlqj ghpdqg1 Wkh vl}h ri wkh IRUD sulflqj
lpsdfw ehfrphv ylvleoh= Wkh shvvlplvp0gulyhq frpsrqhqw lq wkh uhihuhqfh htxlw| suhplxp
jhqhudwhv d txdqwlw| ri wkh vdph rughu dv htxlw| uhwxuqv yrodwlolw| e 
￿ 1
E| frqwudvw/ zruvw0fdvh prgho htxlw| suhpld duh dhfwhg rqo| lqgluhfwo| e| shvvlplvp1 Lwv
lpsdfw lv ihow rqo| wkurxjk wkh htxloleulxp ixqfwlrq e j dqg wkh htxloleulxp yrodwlolw| dqg fruuh0
odwlrq/ e 
￿ dqg e 




5 @ e 
￿
￿ / wkdw lv/ zruvw0fdvh suhpld duh
suhflvho| wkh htxlw| suhpld ri d qrq0shvvlplvwlf orj xwlolw| hfrqrp|1 Rqo| wkh mrlqw lqwhusod| ri
ulvn dyhuvlrq +zkhq  9@ 3, dqg prgho xqfhuwdlqw| dyhuvlrq +zkhq * A 3, ghwhuplqhv htxloleulxp
htxlw| suhpld lq wkh zruvw0fdvh prgho/ dv lw zdv iru wkh htxloleulxp htxlw| sulfh g|qdplfv1
G1 Htxloleulxp ydoxh ixqfwlrq
Nqrzohgjh ri wkh htxloleulxp ixqfwlrq e j lv wkh nh| wr d vkdushu fkdudfwhulvdwlrq ri wkh htxlole0
ulxp txdqwlwlhv lq wkh suhvhqfh ri shvvlplvp1 Wkh lvvxh lv wdfnohg lq wklv vhfwlrq1
Lq sduwldo htxloleulxp/ wkh ydoxh ixqfwlrq ri wkh shvvlplvwlf frqvxpswlrq lqyhvwphqw sureohp
fdqqrw eh zulwwhq h{solflwo| dv wkh vroxwlrq ri wkh uhohydqw KME htxdwlrq/ ehfdxvh rswlpdo
htxlw| ulvn h{srvxuh z
￿
ghshqgv rq lwvhoi yld wkh J +z
￿
, lq Htxdwlrqv +;, dqg +<,1 Wkxv/
IRUD fuhdwhv d gl!fxow {hg srlqw sureohp/ zklfk dggv wr wkh forvhg0irup dqdo|vlv h{wud
lqwudfwdelolw| lq h{fhvv ri wkh vwdqgdug gl!fxow| lq ghvfulelqj wkh rswlpdo khgjh sruwirolr1
Krzhyhu/ lq jhqhudo htxloleulxp wkh ydoxh ixqfwlrq vroxwlrq dgplwv h{solflw ghvfulswlrq/ zklfk
lv d uhpdundeoh idfw1 Wklv lv ehfdxvh pdunhw fohdulqj lq rxu uhsuhvhqwdwlyh h{fkdqjh hfrqrp|
slqsrlqwv htxlw| h{srvxuh wr rqh1 Wkh qh{w wkhruhp fkdudfwhulvhv wkh htxloleulxp vroxwlrq wr
wkh KME Htxdwlrq +7, e| od|lqj wkh glhuhqwldo htxdwlrq wkdw pdnhv wkh jhqhudo htxloleulxp e j
d ixqfwlrq ri wkh hfrqrp| sulplwlyhv1
Wkhruhp 9 Lq jhqhudo htxloleulxp wkh ydoxh ixqfwlrq ri d shvvlplvwlf uhsuhvhqwdwlyh djhqw lv
e M
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Htxdwlrq +48, lv wkh irxqgdwlrq ri rxu ghvfulswlrq ri htxloleulxp dvvhw uhwxuqv1
7 Forvhg0irup htxloleulxp dqdo|vlv
Pruh ghwdlohg fkdudfwhulvdwlrq ri IRUD hhfwv fdoov iru d pruh h{solflw htxloleulxp dqdo|vlv1
Zh dfklhyh wklv e| uhvruwlqj wr dq dqdo|wlf dssurdfk edvhg rq shuwxuedwlrq wkhru|1 Iluvw/ zh
vwxg| d pruh wudfwdeoh sureohp/ wkdw lv/ wkh shvvlplvwlf orj xwlolw| htxloleulxp1 Orj xwlolw| lv
pruh wudfwdeoh ehfdxvh lw fdqfhov wkh khgjlqj prwlyhv gulyhq e| vwdqgdug ulvn dyhuvlrq1 Zh
fdofxodwh orj xwlolw| forvhg irupv lq d ihz frqfuhwh h{dpsohv1 Wkhq/ zh wxuq wr wkh ohvv wudfwdeoh
sureohpv dvvrfldwhg wr shvvlplvwlf srzhu xwlolw| htxloleuld1 Iru wkhp/ zh fdofxodwh dv|pswrwlf
forvhg irupv lq wkh vdph frqfuhwh h{dpsohv1 Wkhvh dv|pswrwlfv frph iurp wkh 0uvw rughu
















































lq d qrq0shvvlplvwlf orj0xwlolw| hfrqrp|1








wr dqdo|wlfdoo| vwxg| qrq0shvvlplvwlf htxloleuld/ zkhuhdv















￿ kdv dqdo|wlf vroxwlrq/ lw lv srvvleoh wr jlyh htxloleulxp dv|pswrwlfv wkdw ghshqg
rqo| rq wkh ulvn dyhuvlrq sdudphwhu 1 Rq wkh rwkhu kdqg/ li d forvhg0irup vroxwlrq lv nqrzq
rqo| iru wkh vshfldo fdvh  $ 3 dqg * @ 3/ lw zloo eh qhfhvvdu| wr h{sdqg lq erwk ulvn dyhuvlrq
dqg shvvlplvp sdudphwhuv/  dqg
s
*1 Khuh duh wkuhh h{dpsohv1 Wkh uvw wzr dgplw forvhg
















48H{dpsoh : Jhrphwulf Ruqvwhlq0Xkohqehfn +JRX, vwdwh g|qdplfv iru h{shfwhg glylghqg jurzwk
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zkhuh / [/ / 
￿ A 3 dqg 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H{dpsoh : dvvxphv d frqvwdqw Nqljkwldq xqfhuwdlqw| dyhuvlrq1 Dq h{dpsoh zlwk d wlph0
ydu|lqj pd{lpdo glvwuxvw ixqfwlrq i +[, lv wkh iroorzlqj1
H{dpsoh ; Fr{ Lqjhuvroo Urvv +FLU, vwdwh g|qdplfv iru glylghqg jurzwk yrodwlolw| dqg shv0



































zkhuh / [/ / 
￿ / 
￿ A 3 dqg 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@ 3 > +54,
49vxfk wkdw
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[/ H{dpsoh ; h{suhvvhv wkh olqn ehwzhhq wkh
ghjuhh ri glvwuxvw 2 xqfhuwdlqw| dqg wkh vwdwh ri wkh hfrqrp|1 Kljkhu frqglwlrqdo yrodwlolw| iru
wkh glylghqg jurzwk lv dvvrfldwhg zlwk ohvv frqghqfh lq wkh uhihuhqfh prgho1 Vxfk irupxodwlrq
ri i +[, fdswxuhv wkh hpslulfdo hylghqfh wkdw lqyhvwruv whqg wr eh pruh xqfhuwdlq derxw wkh
ixwxuh jurzwk ri wkh hfrqrp| gxulqj uhfhvvlrqv1 Iru h{dpsoh/ Yhurqhvl +4<<<, uhsruwv wkdw
hfrqrplvwv* iruhfdvwv rq wkh ixwxuh uhdo rxwsxw jurzwk +wdnhq iurp wkh XV Olylqjvwrq vxuyh|,
duh pruh glvshuvhg 0 wkdw lv/ wkh| kdyh juhdwhu furvv0vhfwlrqdo vwdqgdug ghyldwlrq 0 zkhq wkh
hfrqrp| lv frqwudfwlqj1 Lq sduwlfxodu/ H{dpsoh ; uhsuhvhqwv zhdn vwdwhv ri wkh hfrqrp| dv
vwdwhv zkhuh wkh frqglwlrqdo yrodwlolw| ri glylghqg jurzwk lv kljk/ vr wkdw wkh vshhg ri phdq
uhyhuvlrq lq yrodwlolw| jryhuqv wkh g|qdplfv ri frqwudfwlrqv dqg h{sdqvlrqv lq wkh hfrqrp|1
Shvvlplvwlf orj xwlolw| fdqqrw dozd|v qg h{solflw vroxwlrq/ hyhq li lw kdv rqh iru wkh vshfldo
fdvh * @ 31 Dq h{dpsoh ri vxfk d vlwxdwlrq lv wkh iroorzlqj1

































zkhuh / [/ / 
￿ / 
￿ A 3 dqg 
￿ 5 ^4> 4`1 Htxdwlrq +48, zlwk  $ 3 dgplwv qr forvhg0irup















































5 .   
￿  =
Lq Vhfwlrq 8/ zh pdnh xvh ri H{dpsohv : dqg ; wr hpslulfdoo| fdoleudwh rxu shvvlplvwlf
h{fkdqjh hfrqrp|1
4:E1 Srzhu xwlolw|
Iru srzhu xwlolw| zlwk  9@ 3/ zh pdnh d uvw rughu h{sdqvlrq wkdw vhuyhv wkh fdvh zkhqhyhu
shvvlplvwlf orj xwlolw| lv wudfwdeoh1 Lw dfklhyhv d ehwwhu dqdo|vlv ri wkh lqwhudfwlrq ehwzhhq ulvn
dyhuvlrq dqg shvvlplvp lq ghwhuplqlqj dvvhw sulfhv=




















> ri htxloleulxp dvvhw uhwxuqv dv e j hqwhuv wkhp
rqo| suhpxowlsolhg e|  lq Sursrvlwlrq 7 dqg Fruroodu| 81 Wkh vdph dffxudf| lv dfklhyhg lq



















1 Wkh qh{w sursrvlwlrq vkrzv
krz wr ghwhuplqh e j
￿
1
Sursrvlwlrq 43 Wkh uvw rughu ixqfwlrq e j
￿





















￿ , > +56,
zkhuh rshudwruv G
￿
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Wkh uvw rughu whup e j
￿



















￿ ,1 Jlyhq d v|vwhp ri









￿ > j, @ 3/ e j
￿
fdq eh lq sulqflsoh
frpsxwhg e| wkh yduldwlrq ri frqvwdqw phwkrg1 Xqiruwxqdwho| / wklv pd| lpso| yhu| lqyroyhg
h{suhvvlrqv1 Wkh ixqgdphqwdo v|vwhp ri vroxwlrqv fdq eh pdgh ri wzr qrq wulyldo edvlv ixqf0
wlrqv dqg wkh qdo vroxwlrq zloo dovr frqwdlq olqhdu frpelqdwlrqv ri lqwhjudov ri wkhvh ixqfwlrqv1
Krzhyhu/ vrph lpsruwdqw prgho vhwwlqjv doorz iru d vlpsoh sro|qrpldo vroxwlrq1 Vxfk vhwwlqjv
fruuhvsrqg wr H{dpsohv : dqg ;1










Kljkhu rughu htxloleulxp fkdudfwhulvdwlrqv duh yhu| uduh1 Dq h{dpsoh ri dq lqqlwh rughu sduwldo htxloleulxp
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dqg zkhuh d +*, dqg e +*, duh jlyhq lq +4:, dqg +4;,/ uhvshfwlyho|1
Fruroodu| 45 Zlwk wkh h{solflw FLU g|qdplfv ri H{dpsoh ; wkh ixqfwlrq e j
￿
lv txdgudwlf lq [=
e j
￿
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oq   d +*,

= +64,
dqg zkhuh d +*, dqg e +*, duh jlyhq lq +53, dqg +54,/ uhvshfwlyho|1
8 Fdoleudwlrq
Zh fdoleudwh H{dpsohv : dqg ; wr wkh odvw fhqwxu| ri XV gdwd1 Wkh jrdo lv uvwo| wr txdqwli|
wkh lpsdfw ri Nqljkwldq shvvlplvp lq vrph frqfuhwh fdoleudwlrqv dqg vhfrqgo| wr shuirup d
txdolw| fkhfn ri rxu dv|pswrwlf htxloleulxp frpsxwdwlrqv1 Zh frpsduh wkhp zlwk wkh h{dfw
htxloleulxp txdqwlwlhv lpsolhg e| d qxphulfdo vroxwlrq ri wkh glhuhqwldo htxdwlrq lq Wkhruhp
91
Wkh fdoleudwlrq hpsor|v wkh xqfrqglwlrqdo prphqwv ri XV klvwrulfdo frqvxpswlrq jurzwk1
Lq fkrrvlqj prgho sdudphwhuv zh xvh klvwrulfdo shu fdslwd frqvxpswlrq ryhu wkh 4;;< 0 4<<7
4<shulrg1 Frqvxpswlrq gdwd duh uhdo zlwk dqqxdo iuhtxhqf|1 Zh fkrrvh wkh guliw dqg glxvlrq ri
wkh glylghqg surfhvv +h
￿ , wr pdwfk wkh fruuhvsrqglqj ydoxhv ri shu fdslwd djjuhjdwh frqvxpswlrq1
Wklv sxwv uhvwulfwlrqv rq wkh sdudphwhuv jryhuqlqj wkh vwdwh surfhvv [ dv zhoo1 Zh wdnh wkh
hvwlpdwhv ri wkh xqfrqglwlrqdo prphqwv ri wkh frqvxpswlrq jurzwk iurp Wdeoh ;14/ s1 63;/ ri
Fdpsehoo/ Or/ dqg PdfNlqod| +4<<:,1 Wkh| ghqh frqvxpswlrq jurzwk dv wkh fkdqjh lq orj
uhdo frqvxpswlrq ri qrq0gxudeohv dqg vhuylfhv1
Yduldeoh Phdq Vwdqgdug ghyldwlrq
Frqvxpswlrq jurzwk 3134:5 31365;
Ehfdxvh frqvxpswlrq jurzwk ri qrqgxudeohv dqg vhuylfhv lv d vprrwk vhulhv/ htxlw| orrnv olnh d
vpdoo ehw lq wklv h{fkdqjh hfrqrp|1 Wkh orqj0uxq yduldqfh ri glylghqg jurzwk lv rqo| 3144(1
Wklv lv zkhuh IRUD sulflqj lpsdfwv duh h{shfwhg wr vkrz wkhlu vwuhqjwk/ ehfdxvh IRUD htxlw|
suhpld duh sursruwlrqdo wr vwdqgdug ghyldwlrqv zlwk orqj0uxq ohyho ri 615;(1
Zh jhqhudwh d fhqwxu|0orqj vdpsoh ri zhhno| gdwd iurp wkh surfhvvhv wkdw gulyh wkh hfrqrp|1
Wklv surgxfhv 7;33 fdqglgdwh revhuydwlrqv1 733 ri wkhp duh vdpsohg txduwhuo| dqg xvhg dv
dfwxdo revhuydwlrqv1 Wkh deryh orqj0uxq hvwlpdwhv duh edvhg rq dqqxdo iuhtxhqf| gdwd1 Wkh
wkhruhwlfdo frxqwhusduw wkh| frph iurp lv
U
￿
￿ g oq h1 Zh wdnh wkh iroorzlqj olehuw| lq wxqlqj
prgho sdudphwhuv1 Zh irufh wkh xqfrqglwlrqdo phdq dqg vwdqgdug ghyldwlrq ri
U
￿
￿ g oq h wr




￿  oq h zlwk w @ 4@7;1
Wkh fdoleudwlrq ri wkh JRX g|qdplfv lq H{dpsoh : lv
[ @ 6 +[  3=34:5, w . 4  []
￿
>












[ dfwv erwk dv frqglwlrqdo phdq dqg frqglwlrqdo yrodwlolw| ri wkh orj0glylghqg fkdqjhv1 Zh vhw
wkh orqj0uxq phdq ri +[
￿ , wr [ @ 3=34:5 dqg wkh orqj uxq yrodwlolw| ri
￿
P
￿  oq h wr 
￿ [ @ 3=365;1
Wkh dgmxvwphqw0vshhg sdudphwhu  lv 61 Srvlwlylw| ri [ dqg  dvvxuhv vwdwlrqdulw| 1 Zh sulylohjh
[*v lqwhusuhwdwlrq dv frqvxpswlrq jurzwk iruhfdvw/ vr wkdw zh vhw 
￿ wr 3=4= Iruhfdvwv ri kljk
vkruw whup frqvxpswlrq jurzwk duh dvvrfldwhg zlwk jrrg vkruw0whup qhzv rq hduqlqjv1
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53[ dfwv rqo| dv frqglwlrqdo yduldqfh ri wkh orj0glylghqg fkdqjhv1 Zh vhw wkh orqj uxq phdq ri
+[
￿ , wr [ @ +3=365;,
￿
1 Wkh orqj uxq phdq ri
￿
P
￿  oq h lv vhw wr 
￿  3=8  
￿
￿  [ @ 3=34:51
Wkh dgmxvwphqw0vshhg sdudphwhu  lv 61 Wkh frh!flhqw 
￿
lv d <8( iudfwlrq ri 5[/ wr dyrlg
devruswlrq dw }hur dqg wr judqw hujrglflw|1 Wkh fruuhodwlrq frh!flhqw 
￿ lv vhw wr 3=581 Kljk
frqglwlrqdo yduldqfhv ri vkruw whup frqvxpswlrq jurzwk duh vljqdov ri mlwwhuv dvvrfldwhg zlwk
edg vkruw0whup qhzv rq hduqlqjv1
D1 Txdolw| ri dv|pswrwlfv







￿ . e j
￿
wr wkh h{dfw qxphulfdo vroxwlrq
Q e j ri Htxdwlrq +48,1 Wkh fruuhvsrqglqj htxloleulxp ohyhov ri
htxlw| uhwxuq yrodwlolw|/ h{shfwhg uhwxuq rq htxlw|/ dqg hduqlqjv2sulfh udwlr duh dovr frqiurqwhg1
Lq Iljxuh 4 +Iljxuh 7,/ wkh wrs0ohiw sdqho frpsduhv wkh sur{lhg e j zlwk wkh h{dfw e j jlyhq wkh
uhohydqw udqjh ri wkh vwdwh yduldeoh [ dqg iru  @ 4 +wkdw lv/ d FUUD ri wzr,1 [*v grpdlq lv
eurdghu wkdq wkh hpslulfdo vxssruw ri wkh 733 revhuydwlrqv jhqhudwhg e| wkh fdoleudwhg g|qdplfv1
[ kdv plqlpxp 3133; +3, dqg pd{lpxp 31359 +313358, iru wkh JRX +FLU, vhwwlqj1 D vlplodu
judsklfdo frpsdulvrq kdv ehhq fduuulhg rxw iru  @ 3=8> 3=81 Dv h{shfwhg/ wkh sur{| txdqwlwlhv
duh yhu| vkdus dqg hyhq pruh dffxudwh wkdq wkh glvsod|hg fdvh  @ 41 Wkh hylghqfh iru  @ 4
lv uhpdundeoh= Wkh pd{lpdo uhodwlyh huuru ri dssur{lpdwlrq dfurvv erwk h{dpsohv lv 415(1





dssur{lpdwlrq ri htxloleulxp dvvhw uhwxuqv duh
yhu| vpdoo hyhq lq sdudphwhu uhjlrqv wkdw qr orqjhu ehorqj wr orj xwlolw| qhljkerukrrgv1
Lqvhuw Iljxuhv 4 dqg 7 derxw khuh
Wkh h{dfw e j lv yluwxdoo| olqhdu lq [ rq wkh jlyhq grpdlq dqg wkh glhuhqfh e j  h j lv d vpdoo
frqvwdqw1 Lq idfw/ wkh ydoxhv ri e j
R dqg h j
R duh qhduo| lqglvwlqjxlvkdeoh1 Wklv lpsolhv yluwxdoo|
shuihfw sur{lhv iru wkh htxloleulxp htxlw| uhwxuqv yrodwlolw| dqg fruuhodwlrq/ e 
￿ dqg e 
￿ / vlqfh
wkh| duh hqwhuhg e| e j
R rqo|1 Wkh wrs0uljkw sdqho ri Iljxuhv 4 dqg 7 judsklfdoo| frqupv wklv
iru wkh htxlw| uhwxuqv yrodwlolw| fdvh/ zlwk d 31:( pd{lpdo uhodwlyh huuru ri dssur{lpdwlrq
S
Wkh h{dfw qxphulfdo vroxwlrq ri e } lv rewdlqhg xvlqj exlow0lq PDWODE urxwlqhv iru qrq0olqhdu ruglqdu| glhuhqwldo
htxdwlrqv1 Wkh wzr lqlwldo frqglwlrqv duh lq wkh ohyho +Htxdwlrq +48, dw f ' f, dqg lq wkh uvw ghulydwlyh +htxdolw|
zlwk h }
T dw f ' f,1 Vroxwlrq dffxudf| lv jrrg1 Wkh pd{lpxp devroxwh ydoxh ri wkh ruglqdu| glhuhqwldo htxdwlrq




54dfurvv erwk h{dpsohv1 Krzhyhu/ wkh h{shfwhg uhwxuq e 



















1 Wkh erwwrp0uljkw sdqho ri Iljxuhv
4 dqg 7 vkrzv wkdw wkh dv|pswrwlfv ri wkh udwlr duh d jrrg sur{| ri wkh h{dfw udwlr/ zlwk d




uhpdlqv vwdeoh lq [*v
ydoxhv1 Wkh udwlr voljkwo| lqfuhdvhv lq wkh JRX vhwwlqj1 Lqfuhdvhv lq wkh iruhfdvw ri vkruw whup
hduqlqjv jurzwk duh pdwfkhg e| orzhu htxlw| sulfhv/ iru hduqlqjv yrodwlolw| dqg htxlw| uhwxuq
yrodwlolw| ulvh1 Wklv lv frquphg e| kljk h{shfwhg uhwxuqv rq htxlw| zkhq [ lv kljk1 Wkh udwlr
voljkwo| ghfuhdvhv lq wkh FLU vhwwlqj1 Fxuuhqw kljk ohyhov ri hduqlqjv yrodwlolw| lpso| orz ixwxuh
ohyhov lq wkh phglxp uxq/ jlyhq [*v hujrglf phdq uhyhuvlrq1 Wklv oliwv fxuuhqw htxlw| sulfhv




phdqv jrrg dv|pswrwlfv iru
e 
￿ 1 Wkh erwwrp0ohiw sdqho ri Iljxuhv 4 dqg 7 vkrzv wkdw/ dfurvv erwk h{dpsohv/ wkh pd{lpdo
uhodwlyh huuru ri dssur{lpdwlrq iru e 
￿ lv 5( rqo|1
E1 Dvvhw uhwxuqv
Zh h{dplqh wkh wlph vhulhv ri wkh fdoleudwhg htxloleulxp dvvhw uhwxuqv dqg wkhlu ghshqghqfh rq
wkh suhihuhqfh sdudphwhuv1 Zh frqvlghu d vpdoo orj xwlolw| qhljkerurrg + @ 3=43, dqg irfxv
rq wkh htxloleulxp lpsdfw ri shvvlplvp rq htxlw| suhpld1 Zh kdyh vhohfwhg d ohyho ri 31348
iru wkh pd{lpdo glvwuxvw sdudphwhu *1 Orj xwlolw| dqg shvvlplvp lq wlq| dprxqwv kljkoljkw wkh
vwuhqjwk ri wkh IRUD lpsdfw rq htxlw| suhpld/ iru orj xwlolw| htxloleulxp htxlw| uhwxuqv gr qrw
ihho dq| suhvvxuh iurp shvvlplvp1 Wkh wlph suhihuhqfh sdudphwhu  lv vhw wr 313861
Iljxuh 5 irfxvhv rq JRX htxlw| suhpld dqg zruvw0fdvh htxlw| suhpld1
Lqvhuw Iljxuhv 5 dqg 6 derxw khuh1
Lq wkh erwwrp ohiw sdqho ri Iljxuh 5/ frqglwlrqdo htxlw| suhpld zlwk shvvlplvp duh pruh wkdq
yh wlphv odujhu wkdq wkrvh zlwkrxw shvvlplvp1 Wklv looxvwudwhv wkh dpsolwxgh ri IRUD hhfwv
rq h{fhvv h{shfwhg uhwxuqv douhdg| iru d FUUD forvh wr orj xwlolw|1 Shvvlplvwlf suhpld duh
pruh yrodwloh1 Wklv rffxuv hyhq li i +[, lv frqvwdqw ehfdxvh IRUD dggv d suhplxp frpsrqhqw
sursruwlrqdo wr wkh glylghqg jurzwk yrodwlolw| [1 Wkh lpsolhg xqfrqglwlrqdo htxlw| suhplxp
]
zlwk + @ 3=43> * @ 3=348, kdv d vsuhdg ri 88 edvlv srlqwv xsrq wkh fdvh + @ 3=43> * @ 3,1
Wkh wudgh0r ehwzhhq ulvn dyhuvlrq dqg shvvlplvp lq ghwhuplqlqj frqglwlrqdo htxlw| suhpld lv
^
4333 sdwkv ri frqglwlrqdo htxlw| suhpld duh vlpxodwhg1 Zh phdvxuh wkh xqfrqglwlrqdo suhplxp dv wkh furvv0sdwk
phdq ri wkh 4333 frqglwlrqdo suhpld dw wkh 733wk txduwhu1
55looxvwudwhg lq wkh wrs ohiw sdqho ri Iljxuh 5/ zkhuh lvrtxdqwv ri dv|pswrwlf htxlw| suhpld duh
sorwwhg rq d uhohydqw uhjlrq ri suhihuhqfh sdudphwhuv1 Wklv pdnhv IRUD hyhq pruh hylghqw1 D
vpdoo ghfuhdvh lq wkh shvvlplvp sdudphwhu * uhtxluhv d vxevwdqwldo lqfuhdvh lq wkh ulvn dyhuvlrq
sdudphwhu  lq rughu wr uhpdlq rq wkh vdph suhplxp ohyho fxuyh1 Rxu htxloleulxp dv|pswrwlfv
duh wkh nh| wr rewdlq d wkrurxjk frqwrxu sorw dqdo|vlv lq wkh suhihuhqfh sdudphwhu vsdfh +> *,1
Wkh wrs uljkw sdqho ri Iljxuh 5 vkrzv krz zruvw0fdvh suhplxp ohyho fxuyhv duh qhduo|
xqhodvwlf wr wkh shvvlplvp sdudphwhu1 Wkh lqgluhfw lpsdfw ri shvvlplvp rq zruvw0fdvh suhpld
lv txdqwlwdwlyho| yhu| vpdoo1 Wklv krogv hyhq iru   41 Wkh wlph vhulhv ri zruvw0fdvh suhpld
lv lqglvwlqjxlvkdeoh iurp wkrvh ri qrq0shvvlplvwlf suhpld +vhh wkh erwwrp0uljkw sdqho,1 Iljxuh
6 vkrzv wkdw wkh lqgluhfw lpsdfw ri shvvlplvp rq wkh htxlw| sulfh g|qdplfv lv dovr qhjoljleoh1
H{shfwhg htxlw| uhwxuqv/ yrodwlolwlhv dqg fruuhodwlrqv duh qhduo| xqdhfwhg1 Dv h{shfwhg/ wkh
shvvlplvwlf e j ehfrphv pruh qhjdwlyh +fi1 wkh erwwrp uljkw sdqho lq Iljxuh 6,= Wkh ydoxh ixqfwlrq
lv uhgxfhg e| pd{0plq ehkdylru1
Iljxuh 8 irfxvhv rq FLU htxlw| suhpld dqg zruvw0fdvh htxlw| suhpld1
Lqvhuw Iljxuhv 8 dqg 9 derxw khuh1
Lq wklv vhwwlqj dovr/ yld IRUD/ frqglwlrqdo htxlw| suhpld zlwk shvvlplvp duh pruh wkdq yh
wlphv odujhu wkdq wkrvh zlwkrxw shvvlplvp1 Shvvlplvwlf suhpld duh vxevwdqwldoo| yrodwloh dqg
f|folfdo1 IRUD dggv d suhplxp frpsrqhqw sursruwlrqdo wr wkh glylghqg jurzwk yrodwlo0
lw|
s
[ dqg wkh wlph0ydu|lqj glvwuxvw i +[, fuhdwhv phglxp0whup frxqwhuf|fohv lq wkh hhf0
wlyh ulvn dyhuvlrq yld [*v hujrglf phdq uhyhuvlrq1 Wkh xqfrqglwlrqdo htxlw| suhplxp zlwk
+ @ 3=43> * @ 3=348, kdv d vsuhdg ri 89 edvlv srlqwv xsrq wkh fdvh + @ 3=43> * @ 3,1 Wkh
wudgh0r ehwzhhq ulvn dyhuvlrq dqg shvvlplvp lq ghwhuplqlqj frqglwlrqdo htxlw| suhpld uh hfwv
IRUD/ zlwk d sduwlfxodu sdwwhuq dw kljk ohyhov ri shvvlplvp1 Iru kljk ohyhov ri */ d kljkhu 
vwlpxodwhv d kljkhu * lq rughu wr pdlqwdlq wkh vdph suhplxp ohyho1 Kljkhu dyhuvlrq wr ulvn dqg
wr prgho xqfhuwdlqw| oliwv htxlw| suhpld1 Lq h{shfwhg xwlolw|/ FUUD lv lqyhuvho| uhodwhg wr wkh
hodvwlflw| ri lqwhuwhpsrudo vxevwlwxwlrq1 Kljkhu ulvn dyhuvlrq lpsolhv d orzhu ghvluh wr vxevwlwxwh
frqvxpswlrq lqwhuwhpsrudoo|/ wkdw lv/ lw lpsolhv kljkhu ulvniuhh udwhv1 Lq wkh FLU h{dpsoh/ wklv
vhfrqg hhfw lv frpshqvdwhg rqo| yld d kljkhu ghjuhh ri shvvlplvp1 Wkh odujhu wkh ulvn dyhuvlrq/
wkh odujhu wklv vhfrqg hhfw1 Krzhyhu/ qrwlfh wkdw wkh sdwwhuq hphujhv rqo| iru *v zhoo deryh wkh
cuhdolvwlf* 31348 wkuhhvkrog1 Zruvw0fdvh suhplxp ohyho fxuyhv uhpdlq xqhodvwlf wr wkh shvvlplvp
sdudphwhu/ vr wkdw wkhlu wlph vhulhv frlqflghv zlwk wkh vhulhv ri qrq0shvvlplvwlf suhpld1 Wkh
56lqgluhfw lpsdfw ri shvvlplvp rq zruvw0fdvh suhpld lv djdlq txdqwlwdwlyho| qrw vljqlfdqw hyhq
zkhq lqmhfwlqj vxevwdqwldo ohyhov ri FUUD1 Iljxuh 9 vkrzv djdlq wkdw htxlw| sulfh g|qdplfv
kdv oljkw uhdfwlrq wr shvvlplvp dqg wkdw wkh ydoxh ixqfwlrq lv uhgxfhg e| pd{0plq ehkdylru1
Wkh wlph vhulhv ri wkh JRX dqg FLU frqglwlrqdo ulvniuhh udwhv dsshdu lq Iljxuh :1 Nqljkwldq
IRUD wuljjhuv d vwurqj vsxuw lq wkh ghpdqg iru erqgv zkhqhyhu htxlw| orrnv olnh d vpdoo ehw
zlwk vfdufh khgjlqj srwhqwldo/ ehfdxvh Nqljkwldq xqfhuwdlqw| ryhu wkh h{shfwhg uhzdug ri vxfk
d ehw nloov dq| dsshwlwh iru lw1 Wkh xqfrqglwlrqdo suhplxp vsuhdg lv pdlqo| gxh wr uhgxfwlrq
lq wkh ulvniuhh udwhv1 JRX frqglwlrqdo ulvniuhh udwhv zlwk shvvlplvp vhhp ohvv yrodwloh wkdq
qrq0shvvlplvwlf ulvniuhh udwhv/ hyhq li IRUD lqmhfwv d frpsrqhqw sursruwlrqdo wr wkh glylghqg
jurzwk yrodwlolw| [1
9 Frqfoxvlrqv
Zh suhvhqwhg d frqwlqxrxv0wlph lqwhuwhpsrudo vhwwlqj iru d uhsuhvhqwdwlyh djhqw h{fkdqjh hfrq0
rp|/ lq zklfk wkh htxloleulxp sulflqj lpsdfw ri vwdwh0ghshqghqw Nqljkwldq shvvlplvp fdq qg
dqdo|wlfdo ghvfulswlrq1 Zh dsso| shvvlplvp wr jhqxlqh prgho xqfhuwdlqw|1 Doorzhg dowhuqdwlyh
prghov duh jhqhudwhg yld orfdo qrq0sdudphwulf frqwdplqdwlrqv ri wkh uhihuhqfh prgho dqg vdw0
lvi| d uhodwlyh hqwurs| frqvwudlqw zlwk uhvshfw wr wkh uhihuhqfh prgho1 Nqljkwldq shvvlplvp lv
pd{0plq h{shfwhg xwlolw| ehkdylru ryhu frqvwudlqhg uhodwlyh hqwurs| prghov1 Uhodwlyh hqwurs|
lv hvvhqwldo lq wkh remhfwlyh fkrlfh ri d uhdolvwlf dprxqw ri shvvlplvp jlyhq wkh vdpsoh gdwd wkh
uhvhdufkhu xvhv lq wkh fdoleudwlrq1
H{fkdqjh hfrqrplhv irufh htxlw| wr eh d fodlp rq frqvxpswlrq jurzwk1 Dq hqgxulqj pdfur0
qdqfh sx}}oh lv wkdw XV frqvxpswlrq jurzwk lv wrr vprrwk1 Lq vwdwhv zkhuh htxlw| lv d vpdoo
ehw zlwk vfduvh khgjlqj delolw| / Nqljkwldq shvvlplvp |lhogv d vwurqj dvvhw vxevwlwxwlrq ehwzhhq
htxlw| dqg erqgv e| hperoghqlqj hhfwlyh ulvn dyhuvlrq1 Wklv lv wkh IRUD hhfw1 Lw sur0
gxfhv orzhu htxloleulxp ulvniuhh udwhv dqg vljqlfdqwo| kljkhu htxlw| suhpld1 Lq rxu vhwwlqj/ d
frqvwdqw dqg orz orfdo fxuydwxuh ri wkh lqvwdqwdqhrxv xwlolw| ixqfwlrq lv frpsdwleoh zlwk wlph0
ydu|lqj hhfwlyh IRUD/ vl}deoh htxlw| suhpld/ dqg uhdolvwlf dprxqw ri shvvlplvp1 E| frqwudvw/
lq Fdpsehoo dqg Frfkudqh +4<<<, dqg Fkdq dqg Nrjdq +5335,/ wlph0ydu|lqj dqg kljk orfdo
fxuydwxuhv duh qhfhvvdu| wr |lhog vl}deoh htxlw| suhpld yld wlph0ydu|lqj VRUD1
Wkhvh uhvxowv vhhp surplvlqj iru ixwxuh uhvhdufk1 Lq wkh vslulw ri Fdpsehoo dqg Frfkudqh
+4<<<, dqg Fkdq dqg Nrjdq +5335,/ rqh zrxog olnh wr hoderudwh d frqvxpswlrq0edvhg vhwwlqj
57wkdw h{sodlqv d zlgh ydulhw| ri g|qdplf dvvhw sulflqj skhqrphqd/ lqfoxglqj wkh surf|folfdo
yduldwlrq ri htxlw| sulfhv dqg wkh orqj0krul}rq suhglfwdelolw| ri h{fhvv htxlw| uhwxuqv1 Wr wklv
sxusrvh/ vxfk d vhwwlqj frxog pl{ wlph0ydu|lqj hqwurs|0edvhg Nqljkwldq shvvlplvp zlwk qrq0
vwdqgdug FUUD lqvwdqwdqhrxv xwlolw|/ djhqwv* khwhurjhqhlw|/ ru mxps ulvn zlwklq wkh uhihuhqfh
prgho1
58: Dsshqgl{
Lq wklv dsshqgl{ zh surylgh wkh surriv iru wkh H{dpsohv/ Wkhruhpv/ Sursrvlwlrqv/ dqg Fruro0
odulhv lq wkh sdshu1























zkhuh  lv wkh Odjudqjhdq pxowlsolhu1 Wkh elqglqj frqvwudlqw {hv  dqg wklv frpsohwhv wkh
surri1
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Xvh ri M*v ixqfwlrqdo irup +9, dqg dojheud frpsohwh wkh surri1





































































































































































































































Wklv frqfoxghv wkh surri1
Surri ri Fruroodu| 81 Zlwk qdqfldo pdunhw fohdulqj z @ 4/ rswlpdolw| lpsolhv
e 






































1 Wkxv/ wkh zruvw0fdvh
prgho htxlw| suhplxp lv
+e 
}  e u,
￿
#












Wklv frqfoxghv wkh surri1







 M . Z +





















































lq rughu wr h{suhvv wkh KME htxdwlrq lq









































































5:E| lqvhuwlqj wkh htxloleulxp vwuxfwxuh ri htxlw| uhwxuqv +vhh Htxdwlrqv +43,/ +44,/ dqg +45,,/
dojheud ohdgv wr Htxdwlrq +48,1 Iru wkh orj xwlolw| fdvh  $ 3/ lw iroorzv
































Wklv frqfoxghv wkh surri1
Surri ri H{dpsoh :1 Htxdwlrq +65, ehfrphv










































































@ d . e[ dqg e| pdwfklqj wkh
uhvxowlqj frh!flhqwv1
Surri ri H{dpsoh ;1 Wkh surri xvhv wkh vdph dujxphqwv ri wkh surri iru H{dpsoh :1
Surri ri H{dpsoh <1 Wkh surri xvhv wkh vdph dujxphqwv ri wkh surri iru H{dpsoh :1 D








Surri ri Sursrvlwlrq 431 Ghqh wkh rshudwru I +> j, wr eh


















































































I +> j, fruuhvsrqgv wr wkh uljkw0kdqg vlgh ri Htxdwlrq +48,1 Zh shuirup d 0uvw rughu h{sdq0
vlrq ri lw durxqg orj xwlolw|=


























































 4  oq +,
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1 Dowkrxjk wkh rshudwru U
b
+, grhv qrw gluhfwo| ghshqg rq / e j*v h{sdqvlrq ohdgv wr wkh
5;iroorzlqj 0uvw rughu ghfrpsrvlwlrq ri wkh rshudwru U
b
+, zkhq dssolhg wr e j=
U
b


























































vwdwhv wkdw I +> e j, pxvw htxdo }hur1 Wkhvh lpso| Htxdwlrq +56, dqg frqfoxgh wkh surri1








*v h{solflw irup frplqj iurp
H{dpsoh :/ zkhuh iru euhylw| d @ d +*, dqg e @ e +*,1 Wklv |lhogv wkh iroorzlqj glhuhqwldo
htxdwlrq=
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Wkh vroxwlrq lv rewdlqhg e| irupxodwlqj wkh sro|qrpldo jxhvv e j
_
@  . [ . %[
b
dqg e|
pdwfklqj wkh uhvxowlqj frh!flhqwv1
Surri ri Fruroodu| 451 Wkh surri xvhv wkh vdph dujxphqwv ri wkh surri ri Fruroodu| 441
5<Uhihuhqfhv
^4` Deho/ E1 +5335, 1 Dq H{sorudwlrq ri wkh Hhfwv ri Shvvlplvp dqg Grxew rq Dvvhw Uhwxuqv/
Mrxuqdo ri Hfrqrplf G|qdplfv dqg Frqwuro/ 59/ :0;/ 43:8043<51
^5` Dqghuvrq/ H1Z1/ O1S1 Kdqvhq/ dqg W1M1 Vdujhqw +4<<;, 1 Ulvn dqg urexvwqhvv lq jhqhudo
htxloleulxp/ kwws=22 zzz1vwdqirug1hgx2 vdujhqw2 uhvhdufk1kwpo1
^6` Dqghuvrq/ H1 Z1/ O1 S1 Kdqvhq/ dqg W1 M1 Vdujhqw +5333, 1 Urexvwqhvv/ Ghwhfwlrq dqg wkh
Sulfh ri Ulvn +yhuvlrq zlwk vwdwlvwlfdo prgho ghwhfwlrq wkhru|,/ kwws=22 zzz1vwdqirug1hgx2
vdujhqw2 uhvhdufk1kwpo1
^7` Fdpsehoo/ \1 F1/ dqg M1 K1 Frfkudqh/ +4<<<, 1 E| Irufh ri Kdelw= d Frqvxpswlrq0Edvhg
H{sodqdwlrq ri Djjuhjdwh Vwrfn Pdunhw Ehkdylru/ Mrxuqdo ri Srolwlfdo Hfrqrp|/ yro 43:/
5/ 53805841
^8` Fkdq/ O1/ F1 dqg O1 Nrjdq/ +5334, 1 Fdwfklqj xs zlwk wkh Mrqhvhv= Khwhurjhqhrxv Suhi0
huhqfhv dqg wkh G|qdplfv ri Dvvhw Sulfhv/ iruwkfrplqj/ Mrxuqdo ri Srolwlfdo Hfrqrp|/
kwws=22zhe1plw1hgx2 onrjdq52 zzz21
^9` Fkhq/ ]1 dqg O1 J1 Hsvwhlq/ +5335, 1 Dpeljxlw|/ ulvn dqg dvvhw uhwxuqv lq frqwlqxrxv wlph/
Hfrqrphwulfd :3/ 4736047761
^:` Frfkudqh/ M1 +5334, 1 Dvvhw Sulflqj/ Sulqfhwrq Xqlyhuvlw| Suhvv1
^;` Grz/ M1/ dqg U1 Zhuodqj +4<<5, 1 Xqfhuwdlqw| Dyhuvlrq/ Ulvn Dyhuvlrq/ dqg wkh Rswlpdo
Fkrlfh ri Sruwirolr/ Hfrqrphwulfd 93/ 4<:05371
^<` Hoovehuj/ G1/+ 4<94, 1 Ulvn/ Dpeljxlw| dqg wkh Vdydjh D{lrpv/ Txduwhuo| Mrxuqdo ri Hfr0
qrplfv/ 58/ 976099<1
^43` Hsvwhlq/ O1/ dqg P1 Vfkqhlghu +5335, 1 Ohduqlqj xqghu dpeljxlw|/ Zrunlqj Sdshu/ kwws=22
zzz1hfrq1urfkhvwhu1hgx2 Idfxow|2 Hsvwhlq1kwpo
^44` Hsvwhlq/ O/ dqg V1 ]lq +4<;<, 1 Vxevwlwxwlrq/ ulvn dyhuvlrq dqg wkh whpsrudo ehkdylru ri
frqvxpswlrq dqg dvvhw uhwxuqv= d wkhruhwlfdo iudphzrun/ Hfrqrphwulfd 8: +4<;<,/ <6:09<1
^45` Jloerd/ L1 dqg G1 Vfkphlgohu/ +4<;<, 1 Pd{0plq H{shfwhg Xwlolw| zlwk Qrq0xqltxh Sulru/
Mrxuqdo ri Pdwkhpdwlfdo Hfrqrplfv/ 4;/ 47404861
^46` Nqljkw/ I1/ +4<54, 1 Ulvn/ Xqfhuwdlqw| dqg Surw1 Ervwrq/ Pdvv= Krxjkwrq Pl"lq1 Uhsulqw/
Orqgrq= Orqgrq Vfkrro ri Hfrqrplfv/ 4<791
63^47` Nrjdq/ O1 dqg U1 Xssdo/ +5333, 1 Ulvn Dyhuvlrq dqg Rswlpdo Srolflhv lq Sduwldo dqg Jhqhudo
Htxloleulxp Hfrqrplhv/ Zrunlqj Sdshu/ kwws=22 zzz1qdqfh1frpphufh1xef1fd2 xssdo21
^48` Nrjdq/ O1/ dqg W1 Zdqj +5335, 1 D Vlpsoh Wkhru| ri Dvvhw Sulflqj xqghu Prgho Xqfhu0
wdlqw|/ Zrunlqj Sdshu/ kwws=22zhe1plw1hgx2 onrjdq52 zzz21
^49` Ohl/ F1L1/ +5334, 1 Zk| Grq*w Lqyhvwruv Kdyh Odujh Srvlwlrqv lq VwrfnvB D Urexvw0
qhvv Shuvshfwlyh/ Plphr/ Ghsduwphqw ri Hfrqrplfv/ Xqlyhuvlw| ri Fklfdjr/ kwws=22
zzz1fkrqohl1frp2 uhvhdufk1kwp1
^4:` Olx/ M1/ M1 Sdq/ dqg W1 Zdqj +5335, 1 Dq Htxloleulxp Prgho ri Uduh Hyhqw Suhpld/ Zrunlqj
Sdshu/ kwws=22zhe1plw1hgx2mxqsdq2zzz21
^4;` Pdulqdffl/ P1 +4<<<, 1 Olplw Odzv iru Qrq0Dgglwlyh Suredelolwlhv/ dqg Wkhlu Iuhtxhqwlvw
Lqwhusuhwdwlrq/ Mrxuqdo ri Hfrqrplf Wkhru| ;7/ 47804<81
^4<` Pdulqdffl/ P1 +5335, 1 Suredelolvwlf Vrsklvwlfdwlrq dqg Pxowlsoh Sulruv/ Hfrqrphwulfd :3/
:880:97/ 53351
^53` Pdhqkrxw/ S1/ +4<<<, 1 Urexvw Sruwirolr Uxohv dqg Dvvhw Sulflqj/ kwws=22 zzz1lqvhdg1hgx2
idfxow|uhvhdufk2 qdqfh2 pdhqkrxw21
^54` Phuwrq/ U1/ +4<:4, 1 Rswlpxp Frqvxpswlrq dqg Sruwirolr Uxohv lq d Frqwlqxrxv0Wlph
Prgho/ Mrxuqdo ri Hfrqrplf Wkhru|/ 6/ 6:67461
^55` Wurmdql/ I1/ dqg S1 Ydqlql +5334d, 1 Ulvn/ Urexvwqhvv dqg Nqljkwldq Xqfhuwdlqw| lq Frq0
wlqxrxv Wlph/ Khwhurjhqhrxv Djhqwv/ Ilqdqfldo Htxloleuld/ Zrunlqj Sdshu/ Xqlyhuvlw| ri
Vrxwkhuq Vzlw}huodqg/ Oxjdqr/ Vzlw}huodqg1 kwws=22 sdshuv1vvuq1frp2 vro62 fibghy2 Dev0
E|Dxwk1fipB shublg@5<3<951
^56` Wurmdql/ I1/ dqg S1 Ydqlql +5334e, 1 Shuwxuedwlyh Vroxwlrqv ri Kdplowrq Mdfrel Ehoopdq
Htxdwlrqv lq Qrq0Krprwkhwlf Urexvw Ghflvlrq Pdnlqj/ Zrunlqj Sdshu/ Xqlyhuvlw| ri
Vrxwkhuq Vzlw}huodqg/ Oxjdqr/ Vzlw}huodqg1 kwws=22 sdshuv1vvuq1frp2 vro62 fibghy2 Dev0
E|Dxwk1fipB shublg@5<3<951
^57` Wurmdql/ I1/ dqg S1 Ydqlql/ +5335, 1 D Qrwh rq Urexvwqhvv lq Phuwrq*v Prgho ri Lqwhuwhpsr0
udo Frqvxpswlrq dqg Sruwirolr Fkrlfh/ Mrxuqdo ri Hfrqrplf G|qdplfv dqg Frqwuro/ 5926/
s1 75607681
^58` Xssdo/ U1/ dqg W1 Zdqj +5333, 1 Prgho plvvshflfdwlrq dqg xqghu0glyhuvlfdwlrq/ Zrunlqj
sdshu/ kwws=22 zzz1orqgrq1hgx2 idfxow|2 uxssdo1
64^59` Yhurqhvl/ S1/ +4<<<, 1 Vwrfn Pdunhw Ryhuuhdfwlrq Wr Edg Qhzv Lq Jrrg Wlphv= D Udwlrqdo
H{shfwdwlrq Htxloleulxp Prgho/ Uhylhz ri Ilqdqfldo Vwxglhv/ 45/ <:80433:1
^5:` Yhurqhvl/ S1/ +5333, 1 Krz Grhv Lqirupdwlrq Txdolw| Dhfw Vwrfn UhwxuqvB/ Mrxuqdo ri
Ilqdqfh/ 88/ ;3:0;6:1
^5;` Yhogndps/ O1/ +5334, 1 Vorz Errp/ Vxgghq Fudvk/ LQVHDG zrunlqj sdshu &533525:2HSV/
kwws=22 idfxow|1lqvhdg1iu2 yhogndps21
65Iljxuh 4= JRX H{dpsoh= Txdolw| ri dv|pswrwlfv














wr wkh h{dfw qxphulfdo
vroxwlrq e j ri wkh Ruglqdu| Glhuhqwldo Htxdwlrq +RGH, lq Wkhruhp 91 e j lv d nh| frpsrqhqw ri wkh htxl0
oleulxp ydoxh ixqfwlrq ri wkh shvvlplvwlf uhsuhvhqwdwlyh djhqw/ e M






















dv|pswrwlfv ri htxlw| uhwxuqv yrodwlolw| e 
} / h{shfwhg uhwxuq e 
} /




duh dovr frpsduhg wr wkh fruuhvsrqglqj h{dfw htxloleulxp txdqwlwlhv1 Wkh
hfrqrp| kdv Jhrphwulf Ruqvwhlq Xkohqehfn +JRX, vwdwh g|qdplfv iru wkh frqglwlrqdo phdq dqg yrodwlo0
lw| ri glylghqg jurzwk/ dqg lw h{klelwv frqvwdqw shvvlplvp/ i +[, @ 41 Vxfk g|qdplfv lv fdoleudwhg wr
XV dqqxdo gdwd rq fkdqjhv lq wkh orj uhdo frqvxpswlrq1 Wkh fdoleudwhg g|qdplfv lv=
[ @ 6 +[  3=34:5, w . 4  []
v
>












w lv wkh zhhno| iuhtxhqf|/ 4@7;1 Wkh wlph suhihuhqfh sdudphwhu  lv 3=3861






htxloleulxp dv|pswrwlfv ri htxlw| suhplxp/ e 






￿ / duh vkrzq1 Wkh hfrqrp| kdv Jhrphwulf Ruqvwhlq Xkohqehfn +JRX, vwdwh
g|qdplfv iru wkh frqglwlrqdo phdq dqg yrodwlolw| ri glylghqg jurzwk/ dqg lw h{klelwv frqvwdqw shvvlplvp/
i +[, @ 41 Wkh fdoleudwhg g|qdplfv lv wkh vdph ri Iljxuh 41 w lv wkh zhhno| iuhtxhqf|/ 4@7;1 733
txduwhuo| revhuydwlrqv duh vhohfwhg iurp d fhqwxu|0orqj wlph vhulhv1 Wkh wlph suhihuhqfh sdudphwhu  lv
3=3861 Wkh grwwhg olqhv lq wkh judskv fruuhvsrqg wr wkh fdvh + @ 3> * @ 3,/ wkh eodfn0gldprqg olqhv
wr wkh fdvh + @ 3=4> * @ 3,/ dqg wkh vwudljkw olqhv wr wkh fdvh + @ 3=4> * @ 3=348,1























 dv|pswrwlfv ri wkh htxloleulxp ixqfwlrq e j duh vkrzq1 e j lv d nh| frpsrqhqw ri wkh
htxloleulxp ydoxh ixqfwlrq ri wkh shvvlplvwlf uhsuhvhqwdwlyh djhqw/ e M

















Wkh wlph suhihuhqfh sdudphwhu  lv 3=3861 Wkh hfrqrp| kdv JRX vwdwh g|qdplfv iru wkh frqglwlrqdo
phdq dqg yrodwlolw| ri glylghqg jurzwk/ dqg lw h{klelwv frqvwdqw shvvlplvp/ i +[, @ 41 Wkh fdo0
leudwhg g|qdplfv lv wkh vdph ri Iljxuh 41 Wkh grwwhg olqhv lq wkh judskv fruuhvsrqg wr wkh fdvh
+ @ 3> * @ 3,/ wkh eodfn0gldprqg olqhv wr wkh fdvh + @ 3=4> * @ 3,/ dqg wkh vwudljkw olqhv wr wkh
fdvh + @ 3=4> * @ 3=348,1
68Iljxuh 7= FLU H{dpsoh= Txdolw| ri dv|pswrwlfv














wr wkh h{dfw qxphulfdo
vroxwlrq e j ri wkh Ruglqdu| Glhuhqwldo Htxdwlrq +RGH, lq Wkhruhp 91 e j lv d nh| frpsrqhqw ri wkh htxl0
oleulxp ydoxh ixqfwlrq ri wkh shvvlplvwlf uhsuhvhqwdwlyh djhqw/ e M






















dv|pswrwlfv ri htxlw| uhwxuqv yrodwlolw| e 
} / h{shfwhg uhwxuq e 
} /




duh dovr frpsduhg wr wkh fruuhvsrqglqj h{dfw htxloleulxp txdqwlwlhv1 Wkh
hfrqrp| kdv Fr{ Lqjhuvroo Urvv +FLU, vwdwh g|qdplfv iru iru wkh frqglwlrqdo yduldqfh ri glylghqg




1 Vxfk g|qdplfv lv fdoleudwhg wr XV
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w lv wkh zhhno| iuhtxhqf|/ 4@7;1 Wkh wlph suhihuhqfh sdudphwhu  lv 3=3861






dv|pswrwlfv ri htxlw| suhplxp/ e 






￿ / duh vkrzq1 Wkh hfrqrp| kdv Fr{ Lqjhuvroo Urvv +FLU, vwdwh g|qdplfv iru iru wkh frq0





fdoleudwhg g|qdplfv duh wkh rqhv ri Iljxuh 71 w lv wkh zhhno| iuhtxhqf|/ 4@7;1 733 txduwhuo| revhu0
ydwlrqv duh vhohfwhg iurp d fhqwxu|0orqj wlph vhulhv1 Wkh wlph suhihuhqfh sdudphwhu  lv 3=3861 Wkh
grwwhg olqhv lq wkh judskv fruuhvsrqg wr wkh fdvh + @ 3> * @ 3,/ wkh eodfn0gldprqg olqhv wr wkh fdvh
+ @ 3=4> * @ 3,/ dqg wkh vwudljkw olqhv wr wkh fdvh + @ 3=4> * @ 3=348,1























 dv|pswrwlfv ri wkh htxloleulxp ixqfwlrq e j duh vkrzq1 e j lv d nh| frpsrqhqw ri wkh
htxloleulxp ydoxh ixqfwlrq ri wkh shvvlplvwlf uhsuhvhqwdwlyh djhqw/ e M

















Wkh wlph suhihuhqfh sdudphwhu  lv 3=3861 Wkh hfrqrp| kdv FLU vwdwh g|qdplfv iru wkh frqglwlrqdo




1 Wkh fdoleudwhg g|qdplfv duh
wkh rqhv ri Iljxuh 71 Wkh grwwhg olqhv lq wkh judskv fruuhvsrqg wr wkh fdvh + @ 3> * @ 3,/ wkh eodfn0
gldprqg olqhv wr wkh fdvh + @ 3=4> * @ 3,/ dqg wkh vwudljkw olqhv wr wkh fdvh + @ 3=4> * @ 3=348,1





 dv|pswrwlfv ri wkh frqglwlrqdo ulvniuhh udwhv/ e u> duh vkrzq1 Wkh wlph
suhihuhqfh sdudphwhu  lv 3=3861 Lq wkh ohiw sdqho/ wkh hfrqrp| kdv JRX vwdwh g|qdplfv iru wkh
frqglwlrqdo phdq dqg yrodwlolw| ri glylghqg jurzwk/ dqg lw h{klelwv frqvwdqw shvvlplvp/ i +[, @ 41 Lq
wkh uljkw sdqho/ wkh hfrqrp| kdv FLU vwdwh g|qdplfv iru wkh frqglwlrqdo yduldqfh ri glylghqg jurzwk
dqg wlph ydu|lqj shvvlplvp/ i +[, @
t
￿
￿ 1 Wkh fdoleudwhg g|qdplfv duh wkh rqhv ri Iljxuhv 4 dqg 7/
uhvshfwlyho|1 Wkh grwwhg olqhv lq wkh judskv fruuhvsrqg wr wkh fdvh + @ 3> * @ 3,/ wkh eodfn0gldprqg
olqhv wr wkh fdvh + @ 3=4> * @ 3,/ dqg wkh vwudljkw olqhv wr wkh fdvh + @ 3=4> * @ 3=348,1
6<